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Fiber reinforced polymer (FRP) systems have been widely used for strengthening 
and rehabilitation of reinforced concrete structures.  They can provide significant 
improvement in static load carrying capacity of concrete members.  However, one main 
obstacle which hinders FRP from becoming more widely used is the very limited 
information on the behavior of FRP-strengthened members under elevated temperatures.   
This research presents test results regarding the structural behavior of FRP-
strengthened RC beams after subjecting them to elevated temperatures.  The investigation 
on different fire protection systems as well as the effect of sustained loadings serves as 
useful reference for future work.  An analytical method is also proposed to predict the 
failure load and failure mode for FRP-strengthened RC beams.  
The experimental investigation composed of two main test programs.  The first 
program was carried out using small prism specimens strengthened with glass FRP 
systems with various fire protection systems and basalt FRP systems without any 
protection.  The specimens were subjected to elevated temperatures in a small electrical 
furnace.  Subsequently a second program was carried out on prototype beams strengthened 
with carbon or basalt FRP systems using a larger chamber.  The effects of elevated 
temperatures and sustained loading were investigated.  Two other protection systems were 
examined in the test program. 
Subjecting the beam specimens to elevated temperatures of up to about 600oC led 
to a decrease in ultimate strength.  For carbon FRP strengthened beams, the ultimate 
strength decreased but the initial beam stiffness is not affected after subjecting to 
temperatures ranging from about 300oC to 600oC.  The failure mode changed from 




deterioration of the materials.  Sustained loading applied on prototype beam specimens 
during heating did not however affect in the beam stiffness and strength. 
Among all the protective systems, mortar overlay had limited effectiveness on 
prototype beams.  Other coating systems were effective in protecting the FRP systems but 
further improvements are needed if the specimens are subjected to elevated temperatures 
higher than 600oC.   
The analytical model is based on strain compatibility and force equilibrium, and 
predicts the ultimate strength and failure mode of FRP-strengthened reinforced concrete 
beams using the deteriorated material properties.  The analytical predictions compared 
with test results well.  However further improvement is needed before the model can be 
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Fiber reinforced polymer (FRP), also known as fiber reinforced plastics, usually 
takes the form of fibers impregnated with polymeric resin.  The fibers provide the 
strength while the resin keeps the fibers in place and provides a chemically-resistant 
protective surface to the fibers.  Besides, it also provides a shear load path to effectively 
transfer load between fibers (ACI 440.2R, 2008). 
The first known FRP product was a boat hull manufactured in the mid-1930s.  
From this beginning, it has been used in several different industries including the 
aerospace, automotive and marine industries, as well as in sporting goods and defence 
equipment.  FRP composites have been explored for use in the construction industry in 
the 1950s, first as internal reinforcing bars and more recently in structural rehabilitation 
including the restoration of historic buildings.  The development of FRP composite 
products was active in the late 1970s and early 1980s in Europe, Asia and USA (ACI 
440R-07).   
FRP materials are lightweight, noncorrosive, and they exhibit high tensile strength.  
Although the fibers and resins used in FRP systems are relatively expensive compared 
with traditional materials like concrete and steel, the labor and equipment costs to install 
FRP systems are often lower.  These advantages have attracted growing interests in using 
FRP reinforcement in concrete structures.  In general, FRP reinforcement can be used 
either as internal reinforcing bars or external tendons, or they may be applied as 
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externally bonded strengthening systems in the form of laminates.  As an alternative 
material to steel reinforcement, FRP bars and tendons offer better corrosion resistance.  
As a strengthening material, externally bonded FRP system have been applied in the 
repair of bridge deck and damaged buildings, among others.  With improved 
manufacturing techniques and demand, leading to lower material costs, FRP laminates 
would become a preferred choice as a cost-effective strengthening solution.     
Although externally bonded FRP systems can significantly increase the static 
strength of concrete members, they also possess disadvantages, such as a relatively high 
cost compared to traditional strengthening materials.  Another major obstacle which 
hinders it from becoming more widely used is its poor performance under elevated 
temperatures.  Limited information on the performance during fire and post-fire behavior 
of FRP-strengthened beams also leads to unduly conservative design in some instances.   
When FRP systems are subjected to elevated temperatures, the two components 
fibers and matrices exhibit different responses.  The fibers, which generally possess better 
thermal properties than the resin, can continue to support some load in the longitudinal 
direction until the temperature threshold of the fibers is reached.  The resins which 
usually have a much lower glass transition temperature (Tg) than fibers will cause a 
reduction in force transfer between fibers.  Thus, the tensile properties of the overall 
composite are reduced with the increasing temperature under fire situations, in which the 
temperatures could reach more than 1000oC.  As a result of a loss in strength and/or 
stiffness of the FRP system due to elevated temperatures, the strengthening effect would 
be affected. 
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The design for action effects in reinforced concrete members strengthened with 
externally bonded FRP is consistent with conventional reinforced concrete design.  There 
are several formalized documents addressing the applications of externally bonded FRP 
systems, such as ACI 440.2R (2008).  Most concrete structures or members have 
requirements for fire resistance.  However, there is no fire design standard for FRP 
systems yet.  In current design guides, strengthening limits are imposed on the premise 
that even the FRP retrofit system is rendered entirely ineffective under fire conditions, the 
member (without FRP) should be able to carry service loads without collapse (ACI 440R-
07).  Further research works on FRP-strengthened concrete members need to be carried 
out to establish design guide for FRP strengthened structures subjected to elevated 
temperatures.   
 
1.2 OBJECTIVE AND SCOPE OF STUDY 
The objective of this study was aimed at investigating the effect of elevated 
temperatures on the residual structural behavior of reinforced concrete beams 
strengthened with different FRP systems.  To achieve this objective, both experimental 
and analytical studies were carried out.  
The scope covers: 
(a) Experimental investigation on the mechanical properties of FRP 
reinforcement, concrete and steel after subjecting to elevated temperatures and cooling 
back to ambient temperature. 
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 (b) Experimental investigation on RC beams strengthened with glass, carbon 
and basalt FRP systems, either with or without insulation systems, and after subjecting to 
elevated temperatures.  
(c) Development of an analytical model based on strain compatibility and 
deteriorated engineering properties for the prediction of the failure mode and ultimate 
load-carrying capacity of FRP-strengthened beams after subjecting them to elevated 
temperatures. 
 
1.3 THESIS STRUCTURE 
There are six chapters in the thesis, including this chapter in which the need to 
study the behavior of externally bonded FRP strengthened RC beams after exposure to 
elevated temperatures is explained.  The objective and scope of the research are also 
described.    
Chapter 2 presents an extensive literature review on the post-fire/fire behavior of 
reinforced concrete members with externally bonded FRP systems as strengthening 
reinforcement.  The fire performance of polymeric resin, fibers and FRP systems are 
discussed first.  Then, the fire resistance of FRP strengthened concrete members, that is, 
slabs, beams and columns, is presented.  Last, current fire design philosophy for FRP 
systems is discussed.  
Chapter 3 reports the experimental investigation on the mechanical properties of 
concrete, steel and FRP reinforcement after exposure to elevated temperatures.  A 
comparison of the test results with other investigations available in the literature is made 
and reduction factors for mechanical properties are established. 
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Chapter 4 provides details of the experimental programs conducted on FRP-
strengthened RC beams.  The study comprised two programs; one using prism beam 
specimens and the other using prototype beam specimens.  Details on the material 
properties, fabrication process of the specimens, and test procedure are given.  The test 
results are presented and discussed.  
Chapter 5 presents details of an analytical model to predict the failure mode and 
load-carrying capacity of FRP-strengthened reinforced concrete beams after exposure to 
elevated temperatures.  The model is based on strain compatibility and force equilibrium, 
and incorporates the deteriorated material properties.  The model is used to predict the 
test results.  
Chapter 6 summarizes the work done and the findings of the research.  Also, 
recommendations for further works are suggested.  
 
 
           





A literature review of previous research carried out on fire resistance of FRP 
systems and FRP-strengthened reinforced concrete members is presented.  The chapter is 
organized into several topics, including fire resistance of fibers and resins, fire resistance 
of externally bonded FRP reinforcements, and current approach to fire design of FRP 
system.   
 
2.2 FIRE PERFORMANCE OF FRP SYSTEMS 
FRP systems consisted of high-performance fibers impregnated in a polymeric 
matrix.  Commonly used fiber types include glass, carbon and aramid.  On the other hand, 
the polymeric resin can be either thermoset or thermoplastic.  The main difference 
between these two polymers is that thermoplastic resins may be reshaped or molded when 
heated; while thermoset resins cannot be converted back to their initial liquid form once 
they have cured.  The most commonly used thermosetting resins are epoxy, vinylester 
and polyester (ACI 440R-07).   
The manufactured fiber fabric can be in a two-dimensional orientation which is 
characterized by a laminated structure in which the fibers aligned only along the plane in 
x- and y-directions, or in a three-dimensional orientation that incorporates fibers in the x-
direction, y-direction and z-direction.  Fiber reinforcement may be manufactured in the 
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form of sheets, continuous mats, or as continuous filaments, using textile processing 
techniques of weaving, knitting, braiding and stitching (Wikipedia 2009).   
There are many different processes in manufacturing FRP products.  In general, 
three commonly used methods are: (i) pultrusion, a continuous molding process that 
combines fiber reinforcements and thermosetting resin; (ii) filament winding, a process 
that takes continuous fibers in the form of parallel strands (rovings), impregnates them 
with matrix resin, and winds them on a rotating cylinder; and (iii) vacuum-assisted resin 
transfer molding (VARTM), a process in which parts are made by placing dry fiber 
reinforcing fabrics into a mold, applying a vacuum bag to the open surface, and 
vacuuming the air, while at the same time infusing a resin to saturate the fibers until the 
part is fully cured.   
Externally bonded FRP systems can be classified based on how they are delivered 
to the site and installed, such as: (i) wet layup systems, in which fiber sheets are saturated 
and cured both in-place; (ii) prepreg systems which are saturated off-site but cured in-
place, and (iii) precured systems which are saturated and cured both off-site.   
 
2.2.1 Polymeric Resin 
The resin in the externally bonded FRP systems is used to impregnate the 
reinforcing fibers, fix them in place, and provide a shear load path to effectively transfer 
load between fibers.  Also, it serves as the adhesive for wet layup systems, providing a 
shear load path between the previously primed concrete substrate and the FRP system.  
The FRP sheets are bonded externally to the concrete member being strengthened.  
However, they cannot be adhered to the concrete surface directly which may result in 
  
                                                                                                                               Chapter 2 
 8
improper bonding between FRP systems and concrete, and lead to bond failure easily.  
Thus, surface preparation is needed.  This is done first by either grinding or applying 
putty fillers, which fill small surface voids in the substrate and prevent bubbles from 
forming during curing of the FRP system.  Next, a primer is used to penetrate the surface 
of the concrete to provide an improved adhesive bond between the saturating resin or 
adhesive and the concrete surface.  All these primers, putty fillers, saturants and 
adhesives are also called polymeric resin in a broad sense, thus the main two parts in 
externally bonded FRP system are polymeric resin and fiber (ACI 440.2R-08).  
The polymeric resins play a key role in the fire resistance of FRP systems since 
the resins are much weaker than fibers when subjected to elevated temperatures.  Once 
the polymeric resins partially lose the tensile modulus and stiffness, the FRP systems as a 
result will lose strength and/or stiffness significantly, affecting the strengthening effect. 
To measure the critical temperature that polymeric resins change their states, the glass 
transition temperature Tg is introduced.  The glass transition temperature is the 
temperature at which the amorphous polymeric regions of a material undergo a reversible 
change from a hard and brittle to a viscous and rubbery state, and visa versa (Nanni. 
1993). 
The commonly used resin types can be divided into two groups: thermoset and 
thermoplastic.  Although thermoset resins are preferred in many cases, thermoplastic 
resins still provide benefits, either cost-related or performance-related.  The cost-related 
advantages include the infinite shelf-life of thermoplastic pregreg at room temperature 
((Nanni. 1993)).  The performance-related advantages refer to improved fracture 
thoughness, some of which can be 10 times that of their thermoset counterpart; and 
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improved elevated temperature stability with the glass transition temperatures Tg ranging 
from 85 to 277oC.  Under elevated temperatures, thermoplastic resins will become soft 
and semi-fluid in state.  At this time, they may be reshaped or re-molded.   
Thermoset resins cannot be reshaped once cured, thus they will soften but would 
not melt and flow when heated.  There are three commonly used thermoset resins: 
polyesters, vinyl esters, and epoxies.  Polyesters possess main advantages such as a low 
viscosity, fast curing time, dimensional stability, excellent chemical resistance, and 
moderate cost while their main disadvantages are their high volumetric shrinkage during 
processing.  Commercial thermoset polyesters usually consist of an unsaturated ester 
polymer dissolved in a crosslinking monomer.  The upper useable temperature of 
polyester is about 120oC, for example the glass transition temperatures Tg of a certain 
polyester range from 100 to 140oC (Nanni. 1993).   
Vinyl ester resins have advantages such as low viscosity and short curing time 
which make them well-suited for the manufacture of FRP systems.  Besides, they have 
better chemical resistance and resistance to high temperature than polyesters and better 
resilience due to relatively less crosslinking.  But they have disadvantages over epoxies in 
terms of high volumetric shrinkage during curing.  The glass transition temperatures, Tg, 
of vinyl esters range from 220oC to 320oC.   
Epoxy resins have a well-established record and all the resins used in this study 
belong to epoxy resins.  The main advantages of epoxy resins include excellent strength 
and creep resistance, strong adhesion to fibers, chemical and solvent resistance, good 
electrical properties, high glass transition temperature, and low shrinkage and volatile 
emission during cure.  All these advantages make them the most versatile matrices for 
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FRP systems and they have a wide range of physical properties, mechanical properties, 
and processing conditions.  The main disadvantages are the high cost and long curing 
time.  For epoxy resins, the glass transition temperatures Tg can be as high as 260oC 
(Nanni. 1993). 
 
2.2.2 Reinforcing Fibers 
The main continuous fibers commercially available for civil engineering 
applications are glass, aramid, carbon and basalt fibers (ACI 440.2R, 2008).  The fire 
performance of fibers varies with the types of fibers.   
Glass fibers are the most commonly used fibers in FRP systems.  They are mainly 
of E-glass (calcium aluminoborosilicate) or S-glass (magnesium aluminosilicate).  The 
principal advantages of glass fibers are the low cost, high tensile strength, high chemical 
resistance and excellent insulating properties while the main disadvantages are low 
tensile modulus, relatively high specific gravity, sensitivity to abrasion, low fatigue 
resistance, and high hardness.  Generally, glass fibers are capable of resisting 
temperatures in excess of 275oC (ACI 440.2R, 2008).  The tensile strength of E-glass 
fiber decreased with increasing time of load duration at elevated temperature as shown in 
Figure 2.1 (Mallick, 1988).   The tensile strength in E glass fibers obviously reduced at 
about 400oC, and lost 690 MPa for every 100oC.  
Aramid fibers are the most popular organic fibers used in civil infrastructure.  The 
fiber is poly-para-phenylene-terephthalamide, known as PPD-T.  The main advantages of 
aramid fibers are high strength and high stiffness.  But they have poor flexural and 
compressive properties.  They have been used at temperatures ranging from -200oC to 
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200oC, but not used for long-term at above 150oC because of oxidation (Nanni. 1993).  
ACI 440.2R (2008) also states that the temperature threshold of aramid fibers is generally 
about 175oC.  More details are given in Table 2.1, in which the thermal properties of two 
main kinds of aramid fibers are summarized (Luise, 1997).  It can be seen that, for 
different types of aramid fibers, the thermal properties can vary significantly.  The glass 
transition temperature ranges from about 250oC to 400oC.  But they all have a relatively 
high melting temperature of more than 400oC.   
Carbon fiber has better mechanical properties than its counterparts, but also 
regarded as more costly.  There are three precursors for commercial production of carbon 
fibers to begin with: pitch, PAN (polyacrylonitrile), and rayon.  The principal advantages 
of carbon fibers include high strength-to-weight and high stiffness-to-weight ratios, low 
longitudinal and transverse CTEs (coefficient of thermal expansion), low sensitivity to 
fatigue loads, and excellent moisture and chemical resistance.  The main disadvantages 
are low impact resistance and relatively high cost.  The carbon fibers are subjected to heat 
treatments during manufacturing.  The precursors(starting materials) are carbonized by 
heating up to 1000oC in an inert atmosphere; and in the following process, the carbonized 
filaments are heat treated at or above 2000oC to have their structures ordered and turned 
toward a true graphitic form (Mallick, 1988).  ACI 440.2R (2008) also indicates that the 
temperature threshold of carbon fibers can be up to 1000oC.  Nanni. (1993) demonstrates 
its thermal stability as carbon fibers with certain treatments show negligible strength 
degradation to temperatures as high as 2000oC.  Thus carbon fibers are the most thermo 
stable fibers among commonly used fibers when subjected to elevated temperatures. 
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2.2.3 FRP Laminates 
It is crucial to know how mechanical properties of FRP laminates are affected by 
elevated temperatures.  Although there are a variety of different types of FRP systems, it 
is known that these systems generally suffered deterioration in the mechanical properties 
when subjected to elevated temperatures.  Several research and reviews (Blontrock et al. 
1999, Saafi 2002, Bisby et al. 2005a, Feih 2007, Mouritz et. al. 2006) have summarized 
and discussed the performance of FRP systems subjected to elevated temperatures.  
However, in these research and reviews, the types of FRP systems are not differentiated 
very clearly.  FRP rod, FRP grid, FRP bars and FRP laminates are all included.  Thus, the 
following discussion is based on the research on all FRP types mentioned, which is 
believed to be of relevance to FRP laminates when subjected to elevated temperatures. 
Figure 2.2 shows the influence of elevated temperatures on mechanical properties 
of glass FRP systems based on the survey done by Blontrock et al. (1999).  Figure 2.2 (a) 
presents the deterioration of tensile strength of glass FRP systems and a gradual decrease 
of up to 60% can be observed when GFRP systems were subjected to about 400oC.  
Modulus of elasticity of GFRP systems on the other hand, remains rather stable when 
subjected to 300oC as shown in Figure 2.2 (c).  Saafi (2002) further simplified the results 
of Blontrok et al. (1999) and proposed a series of conservative equations to describe the 
deterioration of FRP systems when subjected to high temperatures.  For tensile strength 
of GFRP systems, the equation suggests a linearly decrease to zero when the temperature 
increases to 400oC as shown in Figure 2.4 (a).  The modulus of elasticity of glass FRP 
systems also decreased gradually to zero when heated to 400oC (Figure 2.4 (b)).  Another 
state-of-the-art report (Bisby et al. 2005a) also summarized previous research on 
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performance of FRP systems when subjected to high temperatures.  The report classified 
the previous research by different types of FRP systems.  The results are presented in 
Figure 2.5 (a) and Figure 2.6 (a).  According to the report, the strength of GFRP systems 
decreases gradually and only remains about 20% of strength value at ambient temperature 
when heated to 450oC.  The modulus of elasticity also decreases gradually and drops to 
less than 15% of ambient value when subjected to 500oC.   
Mouritz et. al. (2006) obtained the temperature dependant tensile strength changes 
of different glass FRP laminates as shown in Figure 2.7, which indicates the tensile 
strength of GFRP composites would decrease to from 50% to 20% of the ambient values 
and then remain stable at this value.  Feih (2007) presented a thermal-mechanical model 
to calculate the tensile strength and time-to-failure of glass composites in fire as shown in 
Figure 2.8.  The models show a four-stage reduction in tensile strength: it begins by a 
relatively small decrease (of ~20%) at short times; and then a short-term stabilization 
immediately following which there is a large reduction and, then remaining at a low 
strength.   
The performance of aramid FRP systems after subjecting to elevated temperatures 
(Blontrock et al. 1999) is shown in Figure 2.2 (a) and (c).  Comparing with glass FRP 
systems, the data is more scattered.  However, the decreasing trend is clear and the 
strength of aramid FRP systems deteriorated to only about 10% of ambient value when 
heated to 400oC while the modulus of elasticity remains at 50% of ambient value when 
heated to 300oC.  Saafi (2002) suggested that the tensile strength of AFRP systems had 
no decrease till 100oC then followed by a linear decrease to zero when subjected to 400oC.  
The modulus of elasticity followed the trend as glass FRP systems which deteriorated 
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gradually to zero after 400oC.  Bisby et al. (2005a) also summarized test data on 
deterioration of mechanical properties of AFRP systems after subjecting to elevated 
temperatures.  Figure 2.5 (b) and Figure 2.6 (a) show that both tensile strength and 
modulus of elasticity decrease slowly till 150oC, followed by a fast drop and 10% of 
ambient value at 500oC. 
Figure 2.3 presents the performance of carbon FRP systems after subjecting to 
elevated temperatures (Blontrok et al. 1999).  Comparing with the two former FRP 
systems, there are more data probably because of the better mechanical properties of 
carbon FRP systems.  Based on Figure 2.3 (a), the tensile strength of CFRP systems lost 
about 80% almost linearly after subjecting to 500oC.  However, the modulus of elasticity 
had a better performance.  It can sustain almost no loss till 250oC, and then it decreased to 
about 50% of ambient value when subjected to 300oC.  Saafi (2002) suggested that the 
tensile strength of CFRP systems remained at ambient value till 100oC, then followed by 
a linear decrease to zero which subjected to 475oC.  The modulus of elasticity also 
remained at ambient value till 100oC and then deteriorated gradually to zero at 500oC.  
Bisby et al. (2005a) suggested that the tensile strength would decrease to about 20% of 
ambient value after subjecting to 500oC as shown in Figure 2.5 (c).  The modulus of 
elasticity on the other hand remained at ambient value till 200oC, followed by a gradual 
decrease to about 10% of ambient value after subjecting to 500oC as shown in Figure 2.6 
(b).  
It is consistent that the mechanical properties of FRP systems decreased when 
they are subjected to elevated temperatures but how much did the mechanical properties 
deteriorate is not  agreed among researchers.  Saffi (2002) gave a more conservative 
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description than other researchers.  The inconsistency can be due to the scatter of the data 
and the wide range of possible matrix formulations, fiber orientations, and fiber volumn 
fractions used by former researchers.   
 
2.3 FIRE RESISTANCE OF FRP STRENGTHENED RC MEMBERS 
There are mainly two approaches to improve the fire resistance of FRP systems.  
One way is to protect or insulate the FRP systems; the other way is to use fibers and 
resins with better fire-performance.  There are several kinds of materials and methods 
that could be used to provide fire insulation.  These include water based intumescent 
coatings which typically give a fire resistance of 30-90 minutes, while epoxy based 
coatings can provide fire resistance of 120 minutes (Barnes and Fidell 2006).  It is 
assumed the fire resistance is obtained when the coatings are subjected to a cellulosic fire 
(BSI 1987) since the fire time-temperature fire was used (Barnes and Fidell 2006).  
However, the activation temperature of intumescent coatings has to be kept lower than 
the Tg (glass transition temperature) of most FRPs for them to be effective (Bisby et al. 
2005b).   
Cementitious coating can also be used as a fire protection system.  It can be 
divided into wet (cement/gypsum-based) or dry (mineral wool-based) systems.  In the 
study by Barnes and Fidell (2006), a single package premix coating using vermiculite and 
gypsum was used as a fire protection system for carbon FRP-strengthened concrete 
beams.  Other options include cladding (Barnes and Fidell 2006) which are made of 
calcium silicate, mineral wool, glass reinforced gypsum, or vermiculite boards.  If the 
void between the cladding and FRP system is filled with mineral wool insulation and fire 
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protection layer, further protection can be obtained, but this would add extra thickness to 
the members.  
 
2.3.1 Columns  
Research on performance of FRP reinforced or confined columns subjected to 
elevated temperatures are quite limited.  The main contributions on this subject are from 
Canadian researchers (Bisby et al. 2005b; Bisby et al. 2004).  Han. et al. (2006) also 
performed research on fire resistance of RC and FRP-confined RC columns.  The main 
difference between the two groups of researchers is: Bisby et al. (2004 & 2005b) focused 
on both performance of FRP wraps and the unique insulation protection; while Han. et al. 
(2006) put focus on only performance of FRP wraps and columns without protection.  In 
Han. et al. (2006)’s view, since the glass transition temperature of resin in FRP is very 
low and can be reached in a short time during a fire, the resin matrix and the interaction 
between the FRP and the concrete are consequently severely deteriorated in a short time.  
Thus the contribution of the FRP wraps can be ignored during a fire unless a sufficient 
insulation is provided.  Unlike Bisby et al. (2004 & 2005b) researched on protection 
insulation, Han. et al. (2006) thought the most economical approach was to provide an 
accurate assessment of the fire resistance time of the original RC columns and made this 
assessment applicable to FRP-confined RC columns as well since fire insulation would 
increase additional cost, labour and column size.  The model of the assessment is 
described in Han. et al. (2006)’s research but only verified with test data of RC columns 
which showed close agreement.  This assessment can also be applied to FRP-confined 
RC columns but a further validation with test data is needed. 
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Bisby et al. (2005b) and Kodur et al. (2005a) reported three full-scale fire 
endurance tests.  Two tests were on circular columns which were both strengthened by a 
single layer of a unidirectional carbon/epoxy FRP sheet with a 300 mm overlap in the 
circumferential direction and a 25 mm overlap in the vertical direction.  One test was 
performed on square column, which was intended to be representative of an actual 
potential field application.  The square column was wrapped with three circumferential 
layers of glass FRP system.  All the specimens were applied with an innovative two-
component fire protection system.  The system comprised a modified cementitious 
vermiculite/gypsum (VG) plaster with a surface coating of intumescent epoxy (EI) paint 
as shown in Figure 2.9.  The VG layer which was a thermal inert material with a low 
thermal conductivity and high heat capacity would keep the temperature of the FRP 
system below the Tg of the resin.  The EI layer would be activated at a temperature higher 
than the Tg of the resin, upon which it foams, and expand to form an insulating char to 
protect the FRP system.  
The column specimens were subjected to standardized fire according to ASTM E 
119 (2000) and subjected to sustained load which was equal to service load.  For the two 
circular columns, sudden and explosive failure occurred near the midheight of the 
columns after 5.5 hours of exposure.  It appeared to be a combined buckling/crushing 
failure accompanied by violent spalling of the concrete cover and insulation.  Based on 
the temperature histories shown in Figure 2.10 (a), it was concluded that the fire 
insulation system provided good thermal protection for the circular columns and the 
temperatures of concrete and internal reinforcing steel remained below 400oC after three 
hours.  The FRP temperature in one of the circular column remained less than 100oC for 
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more than three hours under fire exposure.  However, the performance of square column 
was not as good as circular ones.  The ignition temperature was exceeded at about 3 hours 
of exposure in the square column as shown in Figure 2.10 (b).  The failure manner of the 
square column was explosive at about 4.25 hours’ fire exposure under service load.  The 
failure was probably happened when fire insulation damaged severely under fire exposure 
and led to the concrete spalling resulting in rapid failure of the column.  
The insulation for all the columns performed well and temperatures within the 
concrete and reinforcing steel remained less than 350oC till failure happened.  Thus, the 
proposed system was effective in maintaining the overall load-carrying capacity of FRP-
wrapped reinforced concrete columns during fire; and with the required thickness of fire 
insulation, it is possible to maintain the temperature of an FRP wrap below 100oC for up 
to 3 to 4 hours during exposure to the standard fire like ASTM E119.  It was also 
demonstrated that appropriately designed FRP-wrapped reinforced concrete columns are 
capable of achieving the required fire endurance rating.  
 
2.3.2 Beams 
More research were available on performance of FRP reinforced or confined 
beams subjected to elevated temperatures (Barnes et al. 2006, Chowdhury et al. 2008, 
Klamer et al. 2008, Williams et al. 2008).  Accidentally all the four research used carbon 
FRP systems to strengthen the beams.  But the sizes, types and heating temperatures are 
varied.  The sizes of the beam specimens were from small scale to full scale.  The types 
of the beam specimens include pre-strengthened and post-strengthened, square RC beams 
and T-beams.  The heating temperatures also range from temperatures which were close 
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to the glass transition temperature to the standard time-temperature heating curve from 
ASTM E 119.  Since the details of these researches varied significantly, they are 
discussed separately in the following contents. 
It is introduced in the previous part that the resin in a FRP system usually leads to 
the deterioration of mechanical properties of the whole FRP system.  The glass transition 
temperature (Tg) of resin is an important temperature value because resin will undergo 
state change when heated to elevated temperatures higher than Tg.  Therefore, in the 
research of Klamer et al. (2008) after performing double-lap shear tests and flexural tests 
on small scale test specimens, it is proved that a significant reduction of the young’s 
modulus was observed after the specimens were heated to even below the glass transition 
temperature (Tg).  Based on these test results, the heating temperature for full-scale beam 
test were 20oC (ambient temperature), 50oC (below Tg), 70oC (above Tg).  The details and 
test setup of full-scale beam specimens are shown in Figure 2.11.  The whole twelve 
beam specimens were divided into four groups with four different configurations as 
shown in Table 2.2 to investigate whether the failure modes would change after 
subjecting to elevated temperatures.  Each group has three specimens which were 
subjected to 20oC, 50oC and 70oC.  Since the heating was not allowed during night, it 
took about 6 hours to heat the entire beam to 50oC and 30 hours to 70oC.  After heating 
the specimens were subjected to four point bending test.  All the test results are presented 
in Figure 2.12.  Several conclusions can be drawn according to the test results by Klamer 
et al. (2008).  For all the beams tested at 50oC, no change in the type of debonding was 
observed compared to the beams tested at 20oC.  The failure load was also not 
significantly affected at 50oC by comparing to room temperature, despite the reduction of 
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the modulus of the resin and bond strength of the concrete surface.  Only one beam 
experienced change in failure mode at 70oC, whose failure shifted from concrete failure 
to interfacial failure between concrete-FRP interface.  It can be seen that temperature 
effects are not obvious in the research and further researches of higher heating 
temperatures are needed. 
Focus was put on small-scale carbon FRP strengthened RC beam specimens in 
Barnes and Fidell’s research (2006).  Besides, it is considered that if the FRP 
strengthening is mainly to carry live load and the live load is assumed to remove during a 
fire event, then the fire performance of FRP is not important.  However, if the FRP 
strengthening was designed to sustain part of dead load, then the fire performance is 
important.   Twenty-four reinforced concrete beams were cast, each with a length of 1300 
mm and a cross-section of 100 mm by 150 mm strengthened by using CFRP plates.  The 
CFRP plate was 1 mm thick, 100 mm wide, and was cut to 1230 mm lengths, and bonded 
to the concrete surface using a two component epoxy resin as shown in Figure 2.13.  
Some of the CFRP plates were bolted for selected specimens by inserting a 25 mm plug 
into a drilled hole first and then screwing a 5 mm diameter bolt into the threaded plug.  
Outside the CFRP plates, cementitous fire insulation made of premix vermiculite and 
gypsum was applied in a 15-20 mm thick layer with expanded steel lath reinforcing mesh 
on selected specimens.  During the fire tests, the beam specimens were placed in a 
furnace with the soffits forming the roof of the furnace, which also reproduced the actual 
situation during fires.  The beams were not loaded during the tests.  
Typical time-temperature histories are presented in Fig. 2.14.  Based on the time-
temperature history, the temperature at the concrete-CFRP interface on the unprotected 
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beam reached 580oC; the temperature at the concrete-CFRP interface on the protected 
beam reached 140oC; the temperature at the fire protection and the CFRP reached 310oC.  
All the interface temperatures exceed the glass transition temperature of adhesive but the 
resin in protected beams remained intact while the bond adhesive was destroyed for both 
protected and unprotected beams.  Besides, bolts helped to keep the plate attached to the 
beam but were not as good as the adhesive. 
Both Williams et al. (2008) and Chowdhury et al. (2008) used T-beams as 
specimens but different from Williams et al. (2008) Chowdhury et al. (2008) focused on 
pre-strengthened T-beams and the residual behavior after fire exposure.  Chowdhury et al. 
(2008) reported residual performance of four RC T-beams pre-strengthened with 
externally-bonded FRP sheets and provided with supplemental fire protection systems.  
The detailed dimensions and reinforcement is shown in Fig 2.15.  Two beams were 
protected with an insulation system composing of proprietary spray-applied gypsum-
based mortar and a coat of paint called “Insulation System 1”.  The other two beams were 
protected only by a proprietary spray-applied cementitious mortar called “Insulation 
System 2”.  All four beams were heated under full service load with the undersides 
subject to the ASTM E119 standard heating.  After heating, the fire damaged T-beams 
were kept for approximately six months at ambient temperature before testing for residual 
strength.  Residual test results and temperature histories recorded during heating are 
presented in table 2.3 and Fig 2.16.   
All the four beams obtained a fire resistance of 4 hours by ASTM E119 standard 
fire.  The average unexposed concrete temperatures for the beams protected by 
“Insulation System 1” were 107oC and 98oC while the equivalent temperatures for the 
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other two specimens were 142oC and 148oC.  The temperature in the FRP for the four 
beams all exceeded its glass transition temperature.  Besides, the temperature of the 
principal tensile steel reinforcement in the web was well below 593oC for the beams 
protected by “Insulation System 1”.  During heating process, no failure occurred thus all 
the four beams can sustain full service loading during whole heating process.   
It is noted that there was no control specimen, like an unstrengthened beam, 
strengthened beam and strengthened protected beam, which should be tested in ambient 
temperature so that the test results can be compared to predict whether FRP and 
insulation system work during and after heating.  Therefore, residual test results can only 
be compared with predicted residual strength as shown in Table 2.3.  It is assumed that 
the predicted residual strength was back-calculated from the ultimate strengthened 
capacity.   
Based on the temperature histories and residual test results, some conclusions can 
be drawn.  The RC beams strengthened with FRPs can have enough fire resistance as 
long as four hours and retain most of their initial unstrengthened flexural capacity after 
fire which is attributed to the temperature of concrete and reinforcing steel being kept 
below 200oC and 593oC respectively.  Even with FRP temperature exceeding glass 
transition temperature, the protected beam specimens can achieve satisfying fire 
resistance which means the fire resistance should be evaluated by the whole performance 
of the structure instead of one component like FRP.  One of the reasons could be the 
supplemental fire protection system not only protect the FRP strengthening system, but 
also protect the concrete and reinforcing steel inside to maintain their temperatures in a 
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relatively low level.  This conclusion proved that the insulation systems used was 
effective during heating. 
Williams et al. (2008) performed two full-scale carbon FRP externally 
strengthened T-beam tests protected by a patented two-component fire insulation system 
which consisted of a layer of VG insulation, with an impermeable surface-hardening 
topcoat of EI-R outside, subjected to fire test following time-temperature curve in ASTM 
E119 (2000).  The T-beam dimensions are 3900mm in length, 400mm in depth.  The 
details of cross section, the reinforcements, carbon FRP and the insulation are shown in 
Figure Fig 2.17.  The two T-beam specimens were installed in a full-scale floor furnace 
which made the beams exposed to fire from below and the top side exposed to ambient 
temperature.  Critical temperature histories of EI-R/VG interface, VG/FRP interface and 
FRP/concrete interface at different locations along the span of each beam were recorded 
as shown in Fig 2.18 while measured steel reinforcement temperature histories are 
presented in Fig 2.19.  The shaded area of EI-R/VG interface temperature in Fig 2.18 
could be due to uneven coating of EI-R or slight embedment of the thermocouples in the 
VG layer.  Based on temperature histories, the EI-R/VG interface temperatures, which 
roughly followed the furnace temperature, increased fastest and achieved 800oC during 
heating.  The VG/FRP interface temperatures increased in a slower rate and achieved 
about 400oC during heating.  The FRP/concrete interface temperatures increased at the 
slowest rate and remained about 400oC for Beam 1 and 200oC for Beam 2 during heating 
which due to greater insulation thickness in Beam 2.  It is noted that there were plateau 
stages in some of the VG/FRP and FRP/concrete interface which could be due to water 
evaporation in the material.   
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The mid-span deflection curves for both beams are presented in Fig 2.20, in which 
the sudden change is because the applied load was increased at this time and may cause 
dislocation of thermocouples or that the hydraulic control system somehow interfered 
electrically with the acquisition of temperature readings.  Besides this accident, it can be 
seen that the temperature within the FRP layer exceeded glass transition temperature 
within 1 hour but both T-beams achieved a fire resistance of four hours.  Thus it is over 
conservative to assume failure of a FRP strengthened beam when the temperature 
exceeds the glass transition temperature.   
 
2.3.3 Slabs 
Not many researches on performance of FRP externally reinforced slabs subjected 
to elevated temperatures are available.  The main research works on this subject are from 
Blontrock et al. (2001) and Kodur et al. (2005b).  Both researches focused on carbon FRP 
strengthened the slabs.  Accidently the specimens from both researches had a same 
thickness of 150mm and were subjected to standard time-temperature curves that are 
similar to the one in ASTM E 119.  However, the details are still of much difference, they 
will be discussed separately in the following contents. 
In the research work of Blontrock et al. (2001), fire tests on strengthened and 
protected slabs, loaded to service load level, are executed to evaluate fire resistance of 
these elements.  The test program included ten slabs, with a thickness of 150 mm, width 
of 400 mm and a length of 3150 mm, strengthened with carbon FRP composites.  The 
protection material was insulating Gyproc plates which consisted of two layers of 
cardboard with a gypsum core.  For stability reasons, some glass fibers were added to the 
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gypsum core.  The slabs were held under constant load in the furnace and the central 
deflection increased with an increase in temperature according to ISO 834 (Fire 
Resistance: Test-Elements of Building Construction) which is similar to ASTM E 119.  
The full-scale tests showed that the slabs needed thermal protection to maintain 
interaction between the externally bonded FRP laminates and the concrete.  The fire 
resistance of the strengthened and protected slabs is at least the same as for the 
unprotected and unstrengthened slab. 
Kodur et al. (2005b) conduct a test program consisted of four carbon FRP-
strengthened and insulated RC slabs/ beam-slabs assemblies.  All the four specimens had 
a consistent intermediate scale of 954x1331 mm and 150 mm thickness for slab part.  
Conventional steel bars and pure carbonate aggregate concrete were used during 
fabrication.  The insulation systems used were the same vermiculite/gypsum (VG) plaster 
with a surface coating of intumescent epoxy (EI) paint which was also used in the full-
scale column test program done in 2005 (Bisby et al. 2005b).  Since the slab tests were 
aimed to evaluate the performance of the supplemental fire insulation systems and 
provide reference about insulation configurations and thickness that should be used in 
FRP-strengthened concrete members, the slabs were tested only under self weight.  Based 
on the test results, the insulation provided good thermal protection and can help keeping 
the temperature in the FRP-concrete interface below 350oC which however was still 
higher than the Tg (glass transition temperature).  Although the glass transition 
temperature was exceeded within an hour, the slabs still obtained a fire endurance of four 
hours.  Therefore, it can be concluded that the insulation can provide good thermal 
protection in the fire situation, that is, it can provide a 4-hr fire endurance rating with a 
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thickness of 38mm and a 2-hr fire endurance rating with a thickness of 19mm.  The slab 
tests also suggested that it is difficult to keep the interface temperature below the Tg of 
the resin used in FRP systems.   
 
2.4 DESIGN OF FRP SYSTEM AGAINST FIRE 
2.4.1 FRP Fire Design Philosophy 
Current information obtained from past research works is inadequate for 
establishing a FRP fire design code.  The present design philosophy recommends that a 
member’s resistance to load effects, with reduced steel and concrete strengths and 
without the strengthening effects of FRP reinforcement can be compared with the load 
demand on the member to ensure that the structure will not collapse under service loads 
and elevated temperatures (ACI 440.2R, 2008).  The nominal strength at high 
temperature should be greater than the service load on the strengthened member as 
described by the following equation (ACI 440.2R, 2008):  
LLDLn SSR +≥θ .                      (2.1) 
The nominal resistance of the member at an elevated temperature θnR  may be 
determined using the guidelines outlined in ACI 216R (2001) or through testing.  The 
resistance should be computed for the time period required by the structure’s fire 
resistance rating and should not account for the contribution of the FRP system, unless 
the FRP temperature can be demonstrated to remain below a critical temperature for FRP.  
This critical temperature is traditionally considered to be the glass transition temperature 
Tg of resin matrix used in FRP system.  However, the research works especially the 
works performing full-scale fire tests on protected FRP-strengthened RC members 
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proved this assumption to be over conservative.  Furthermore, if insulation is provided, 
the overall fire rating of a FRP strengthened RC member can be improved, because not 
only FRP systems but also the inside concrete and reinforcing steel, are protected by the 
insulation as well.  But without better information on the properties of FRP at high 
temperature with or without protection, the temperature at which significant deterioration 
of FRP properties occurred still have to be taken as the lowest Tg of the components of 
the system (ACI 440.2R, 2008).  Therefore, so far, the design guide for FRP systems 
remains conservative in defining fire endurance without considering the residual 
preserved mechanical properties of FRP systems after the elevated temperature exceeds 
the Tg of the resin matrix.     
 
2.4.2 Fire Design Approaches 
As discussed in the last section, the general design guide for FRP systems are 
conservative.  In this section, fire design methods for FRP-strengthened structures, which 
are taken and referred from fire design of other structures mainly concrete structures, are 
discussed.  Three main design approaches usually applied for fire design are:  
(a) Fire performance test ; 
(b)        Fire engineering approach: analytical model or numerical model; and 
(c) Empirical approach: tabulated data established from fire tests.  
Approach (a) is the most direct way for fire design of FRP-strengthened structures.  
By performing full-scale fire test on members used in the FRP-strengthened structures, 
the direct fire resistance data can be obtained.  Then the fire resistance data can be used 
directly in the fire design of the same or similar FRP strengthened structures.  However, 
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full-scale fire tests are extremely costly and time-consuming.  It will be normally used 
when there is neither fire design guide/code nor similar previous researches available.  
Approach (b) is an engineering approach and can be used when the deterioration 
mechanical properties of components in the structures are available.  The approach work 
by estimating the temperature developments in the structural elements calculated from 
design fire requirement or rating first.  After the temperature profiles are known, the 
reduced mechanical properties of components can be obtained from design guide like 
ACI 216(2001) or BS 8110-2 (1997) or fire tests.  With acquaintance of reduced 
mechanical properties the design can be performed by choosing appropriate model.  If an 
analytical model is choosing then the fire resistance or load bearing capacity can be 
calculated based the analytical model.  If a numerical model is using, a certain scenario 
like standard time-temperature curve in ASTM E119 (2000) is assumed and a proper 
analytical model is also needed.  Based on the scenario and the model, a numerical model 
is built up and the fire resistance can be obtained by running the numerical model.   
Approach (c) is possible when there is enough fire testing data and analytical or 
numerical results from the first two fire design approaches.  Based on the data and results, 
tabular data can be established and give design guidance on minimum dimensions of 
concrete members, cover thickness of concrete, minimum thickness of different kinds of 
FRP laminates and recommended insulation thickness.  In a fire design, after the fire 
rating of a FRP-strengthened structure is determined, it could be referred to the tabular 
data to obtain design minimum dimensions.   
Basically the first two approaches (a) & (b) are mainly being used in fire 
performance/design of FRP strengthened structures researches nowadays.  Because there 
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is not enough fire testing data and analytical or numerical results to establish FRP-
strengthened structures fire design tabular data.  Besides, the FRP systems and insulations 
have various types; it is a hard work to accumulate deteriorated mechanical properties of 
each FRP system and insulation under or after elevated temperatures.  Thus more 
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Table 2.1 Fiber Properties Representative of m- and p-Aramids (R. R. Luise, 1997) 
 m-Aramid p-Aramid Comment 
color White Yellow Conjugation effect 
Tg (Glass Transition 
Temperature) 265
oC 425oC  
Tm (Melting Point 
Temperature) 415
oC Nil up to 550oC  
Pyrolytic weight loss 410oC 500oC In air 





Table 2.2 Experimental Test Program (Klamer et al. 2008) 








A Debonding due to high shear stresses C20/25 50 mm 100 mm 
B Debonding at the cracks C45/55 80 mm 100 mm 
C Debonding at the end anchorage zone C45/55 80 mm 300 mm 
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1a 25 62 118 128 142 
2a 38 62 118 128 141 
3b 38 63 136 139 146 
4b 25 63 136 139 120 
a Protected with Insulation System 1 
b Protected with Insulation System 2 
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Fig. 2.1 Reduction of tensile stress in E glass fibers as a function of time at various 
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(a) Tensile strength for GFRP systems 
 
(b) Tensile strength for AFRP systems 
 
(c) Modulus of Elasticity for GFRP and AFRP composites  
Figure 2.2: Temperature dependent mechanical properties of GFRP and AFRP 
systems (Blontrock 1999) 
  




(a) Tensile strength 
 
 
(b) Modulus of Elasticity 
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(a) Tensile Strength 
 
(b) Modulus of Elasticity 
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(a) Glass FRP systems 
 
(b) Aramid FRP systems 
 
(c) Carbon FRP systems 









(a) Glass & Aramid FRP systems 
 
 
(b) Carbon FRP systems 
Figure 2.6: Variation of elastic modulus of various FRP systems with temperature (Bisby 
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Figure 2.7: Elevated temperature tensile strength of glass/vinyl ester, glass/polyester and 
glass/polypropylene laminates. (Mouritz et. al. 2006) 
 
 
Figure 2.8 Predicted time-to-failure for glass/vinyl ester laminates including resin load 
transfer degradation. (Feih 2007) 
 
 
Figure 2.9: Two-Component Fire Protection System (Bisby 2005b) 
  






(a) Circular columns 
Figure 2.10: Temperature Histories for Insulated Columns under Fire (Bisby 2005b & 
Kodur et al. 2005a) (continued next page) 
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(b) Square columns 
Figure 2.10: Temperature Histories for Insulated Columns under Fire (Bisby 2005b & 
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(a) Load-displacement curves for beam A 
 
 
(b) Load-displacement curves for beam B 
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(d) Load-displacement curves for beam D 
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Figure 2.13: Details of beam specimens (Barnes and Fidell 2006) 
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Figure 2.17: Cross section of strengthened, insulated T-beam (Williams et al. 2008) 
 
(a) Measured temperatures for Beam 1 
 
(b) Measured temperatures for Beam 2 








Figure 2.19: Measured steel reinforcement temperatures for Beams 1 and 2 
(Williams et al. 2008) 
 
 
Figure 2.20: Measured mid-span deflection for both beams during preload and fire testing 
(Williams et al. 2008) 
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As FRP-strengthened beams are expected to lose their load-carrying capacities 
due to degradation in material properties after they are subjected to elevated temperatures, 
a study was first carried out to investigate the mechanical properties of concrete, steel and 
FRP systems used in this research.  Concrete and steel reinforcement were investigated 
for their compressive and tensile strengths respectively.  For the FRP systems, both basalt 
and carbon FRP laminates were tested for their tensile properties after subjecting them to 
elevated temperatures because these systems were investigated without protection.  In 
addition, because the resin used in both systems was the same, FRP-concrete bond 
properties were examined using basalt FRP system. 
 
3.2 CONCRETE 
The concrete mix proportion was kept the same in this study.  Ordinary Type 1 
Portland cement and coarse aggregates with a maximum size of 10 mm were used.  The 
mix proportion consisted of 367.5 kg of cement, 784 kg of fine aggregates, 910 kg of 
coarse aggregates and 237.3 kg of water per cubic meter of concrete, with a water-cement 
ratio of 0.75, that is, the mix ratios of cement, fine aggregates, coarse aggregates and 
water were 1: 2.13: 2.48: 0.75 by weight.  It was targeted to attain strength of 30 MPa at 
28 days.   
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The effect of elevated temperatures on the compressive strength of concrete was 
investigated by subjecting cube specimens to elevated temperatures in the same furnace 
chamber as the parent beams.  The heating curves are shown together with a standard 
time-temperature curve from ASTM E-119 in Figure 3.1.  Two experiment programs 
were performed in this research, one test program on prism beam specimens, and the 
other one on prototype beam specimens.  In Figure 3.1, Curve A corresponds to the 
heating curve of prism beam specimens and Curve B corresponds to the heating curve of 
prototype beam specimens.  Since the furnace chambers used for heating are electrically 
operated, the actual heating rate could not be as fast as the standard curve (which is gas 
fire) as heat was produced by means of electrical wire spirals.  In the test program on 
prism beam specimens, nine concrete cubes of which six with a side dimension of 50 mm 
and three had a side dimension of 100 mm were prepared for each beam.  Because of the 
limited inside space of the furnace used, only three 50mm cubes underwent through the 
same heating process with each beam.  The other three 50 mm cubes and three 100 mm 
cubes were used to obtain the strength ratio of 100 mm cube over 50 mm cube.  The 
average strength ratio was 0.962, that is multiplying the 50 mm cube strength by 0.962, 
gives the equivalent 100mm cube strength after exposure to the same elevated 
temperature.  The reduction factors for compressive strength were obtained as the 
equivalent 100 mm cube strengths divided by the 100 mm cube strength at ambient 
temperature.   
In the second test program on prototype beam specimens, each specimen was 
accompanied by three 100 mm concrete cubes which went through the same heating 
process as the parent beam specimens.  Thus, determination of the reduction factors for 
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compressive strength of concrete was much straightforward.  They were established by 
dividing the cube strength after exposure to elevated temperature by the cube strength at 
ambient temperature.   
The reduction factors for compressive strength of concrete obtained from both test 
programs are about the same as shown in Figure 3.2 (a).  Compared to Schneider (1976)’s 
results which has a w/c ratio of 0.8 based on Portland cement, the strength reduction 
factors obtained in this study are larger.  Specifically, all the three curves show reduction 
within 5% of concrete compressive strength when heating temprerature is  up to 200oC.  
However, when the heating temperature is up to about 600oC, the deterioration of 
concrete compressive strength is about 40% by test program data while Schneider 
(1976)’s results show a 60% reduction.  The test data obtained in this study gives a 50% 
reduction after concrete subjected to about 800oC.  Figure 3.2 (b) shows the peak 
concrete strain change to elevated temperature, as reported by Schneider (1976).  The 
figure shows that the peak strain increases gradually when the heating temperature 
increases.  The peak strain increases slowly when subjected to about 200oC, but increases 
faster to about double value of the peak strain at ambient temperature at about 500oC.  
When subjected to about 700oC, the peak strain increases to almost 0.008. 
 
3.3 STEEL REINFORCEMENT 
Three types of steel bars were used in the test program on FRP-strengthened 
beams.  They were hot-rolled deformed high yield bars, 6 and 10 mm in diameters 
(designated as T6 and T10, respectively), and plain round steel bars, 6 mm in diameter 
(designated as R6).  Tensile tests were conducted in an Instron universal testing machine 
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to determine the yield strength and elastic modulus.  Since R6 and T10 steel bars had 
definite yield point, the yield strength of these bars were determined by the yield point 
value.  For T6 steel bars which did not exhibit a definite yield point, the yield strength 
was determined as the "0.2% offset strain" which is determined by finding the 
intersection of the stress-strain curve with a line parallel to the initial slope of the curve 
and which intercepts the abscissa at 0.2%.  The details of the yield strength and elastic 
modulus are shown in Table 3.1, in which each value is obtained by taking average of 
three tensile steel bar test results respectively.   
  The reduction in both strength and modulus after the steel bars subjected to 
elevated temperatures follow the trend shown in Figure 3.3.  In the figure, the trend 
compares well with decreasing curve given by ACI 216 (2001).  The reduction in the 
yield strength and elastic modulus are only 5% and 10% respectively when the heating 
temperature is up to 300oC, thus the yield strain can be assumed to be 1.05 times the 
ambient value after the bars are subjected to elevated temperatures not exceeding 300oC.  
 
3.4 BASALT FRP LAMINATES  
 This part presents the effect of elevated temperatures on the properties of basalt 
FRP laminates.  The basalt FRP systems consisted of basalt fibers combined with a 
specially formulated phenolic resin.  Thirty-five tensile specimens and twelve bond 
specimens were fabricated and subjected to elevated temperatures following curve A in 
Fig. 3.1.  They were allowed to cool down to the ambient temperature and then tested for 
tensile and bond properties. 
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In all, three series of BFRP tensile specimens were manufactured as listed in 
Table 3.2.  Two of the three series composed of sixty-five one-layer BFRP tensile 
specimens, while the remaining one consisted of five three-layer BFRP tensile specimens 
and five four-layer BFRP tensile specimens which in all included fifteen groups with five 
specimens for each group.  The reason to do the tensile test more than once is to verify 
reliability of the test results because the BFRP used is not a commercial product so there 
is no material properties provided by manufacturer.  However the mechanical properties 
of BFRP laminates are much lower than other similar commercial products which could 
due to machine sensitivity and imperfection during hand-made process.  Besides, twelve 
bond specimens were also fabricated to test for bond strength between BFRP and 
concrete as shown in Table 3.3.   
The fabrication process of BFRP tensile specimen is shown in Fig. 3.4.  Two flat 
Perspexs were prepared and placed on a flat table.  A plastic sheet and the required basalt 
fiber sheets were anchored on one side with one of the Perspexs.  After fixing the basalt 
fiber sheet, the resin was mixed ready for impregnation process.  The mixed resin was 
applied on the first layer of fiber sheet; then a roller was used to squeeze the extra resin 
and air bubble out.  When the fiber sheet was fully saturated, another layer of fiber sheet 
was put on the first layer and the previous process was repeated until the required layers 
of fiber sheets were saturated by resin.  After this process, the other Perspex was put on 
the basalt FRP laminate to keep it flat and let it cure for two weeks.  Then the BFRP 
laminate was cut into strips parallel to the fiber orientation.  Each strip was a tensile 
specimen measured 20 mm in width and 200mm in length, as shown in Fig. 3.5.  The 
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tensile specimens were subsequently subjected to seven different temperatures ranging 
from 28oC to about 600oC.   
The bond specimens constituted two similar concrete panels, each measuring 40 
mm in thickness, 100 mm in width and 200 mm in length.  To prevent premature failure 
during testing, 10 mm diameter high-yield deformed steel bars were welded to form a U-
shape, and two layers of square wire mesh were embedded in each end of the concrete 
panels around a hole, as shown in Figure 3.6 (a), (b) and (c).  The panels were 
manufactured with concrete having the mix proportion as the cube specimens in section 
3.2.   
The concrete panels were cast and placed in the curing room (temperature 28 oC, 
relative humidity 100%) for 7 days.  They were subsequently taken out and kept in the 
laboratory under ambient condition for 21 days.  After that, the panels were placed 
together and the BFRP system was installed with a BFRP sheet on each of the two wider 
surfaces.  A transverse ply was used to wrap the bonded BFRP sheet around one panel to 
ensure that debonding would only occur in the other panel as shown in Figure 3.6 (c).  
The BFRP systems were allowed to cure for 14 days under normal room condition before 
testing for bond properties.  
The tensile and bond specimens were subjected to elevated temperatures in an 
electrical furnace.  They were first heated to the required temperature, and then left to 
cool naturally overnight to the ambient temperature of about 28oC.  After that, they were 
tested in an Instron testing machine with a 50-ton capacity as shown in Figure 3.7 (a) and 
(b).  For tensile specimens, a strain gauge was attached at the center to record the strain 
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change, while in bond specimens, five strain gauges with a spacing of 20mm were placed 
along the bonded FRP sheets as shown in Figure 3.6 (d).  
 
3.4.1 Tensile Properties  
Some tensile specimens that were subjected to a temperature of 600oC broke into 
pieces while other specimens had uneven surface as presented in Figure 3.5, indicating 
that the resin partially damaged during heating process.  Under tension, the other 
specimens failed in a sudden and brittle manner in general.  The stress-strain relations of 
tensile specimens are presented in Appendix A-1 by groups.  The average ultimate tensile 
strengths based on five specimens ignoring data points that differentiated more or less 
than 20% from the average values, are presented in Table 3.2.  All the test results based 
on same method are shown in Figure 3.8(a).  The reason to delete data points that 
differentiated more or less than 20% from the average values is due to large scatter of 
results which because of machine sensitivity.  Although the test results were scattered, the 
results are still consistent and showed a general decrease in the ultimate tensile strength 
with increasing elevated temperature.  The strength was almost zero when the elevated 
temperature reached 600oC. 
On the other hand, the modulus of elasticity which was obtained by the gradient 
of stress-strain curve of BFRP system decreased less.  A best fit line was drawn 
according to the test data as shown in Figure 3.8(b).  When the elevated temperature 
reached 600oC, half of the specimens were spoiled before testing and the remaining test 
results were not enough to determine the modulus of elasticity.   
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3.4.2 Bond Strength 
As mentioned previously, each bond specimen had five strain gauges located 
along the bonded FRP sheet on one side as shown in Figure 3.6 (d).  The typical load-
strain characteristics obtained at these locations are shown by Specimens BB2A and 
BB24 in Figure 3.9, which were specimens bonded with two plies of BFRP sheets on 
each side.  Specimen BB2A was not subjected to elevated temperature while BB24 was 
subjected to about 400oC.  The load-strain characteristics of other bond specimens are 
shown in the Appendix A-2. 
At any load level, the strain was higher at locations towards the joint section 
between the concrete panels (see Fig. 3.9).  In particular, the strain at location 5 next to 
the joint section was much higher than at other locations, indicating the bond stresses 
resisting the tensile load are concentrated near the joint.  Debonding therefore occurred at 
location 5 and proceeded successively to other locations.  The specimens failed when the 
BFRP laminate debonded from the concrete panel totally on one side. 
Figure 3.10 shows the deterioration in bond strength, with the elevated 
temperature.  Specimens after subjecting to above 500oC had at least one side debonded 
completely and could not be tested for bond properties.  The bond strength was almost 
not affected until the elevated temperature was above 200oC.  Beyond that, the bond 
strength dropped quickly to almost zero at an elevated temperature of about 500oC.  The 
trend was the same regardless of whether the specimens were bonded with one or two 
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3.4.3 Summary 
Based on the tests carried out on tensile specimens and bond specimens, both 
tensile and bond properties began to decrease obviously after the BFRP systems were 
subjected to elevated temperatures exceeding 200oC.  The bond strength dropped to 
almost zero after they were subjected to the elevated temperatures exceeded 500oC while 
the tensile strength dropped to about zero when the elevated temperature exceeded 600oC.  
The modulus of elasticity showed a clear decrease with increasing elevated temperature. 
 
3.5 CARBON FRP LAMINATES 
The carbon FRP system consisted of carbon fibers impregnated with the same 
specially formulated phenolic resin as the basalt FRP system.  In all, thirty tensile 
specimens as indicated in Table 3.4 were fabricated.  The fabrication method was the 
same as for basalt FRP laminates. 
Each tensile specimen measured 20 mm in width and 200mm in length, and was 
made of one ply of CFRP sheet.  They were subsequently subjected to six different 
temperatures ranging from 28oC to about 600oC with five specimens for each temperature. 
The test specimens were subjected to elevated temperatures in the same manner as 
the BFRP tensile specimens.  They were similarly tested after cooling to the ambient 
temperature.  
 
3.5.1 Tensile Properties  
Generally the specimens failed in a brittle manner, that is, it suddenly broke into 
two parts during the tests.  Since the test results were less scattered than BFRP laminates, 
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data points that differentiated more or less than 20% from the average values are deleted.  
The average ultimate tensile strength are presented in Table 3.4.  Figure 3.11 (a) presents 
detailed test results and other details can refer to Appendix A-1.  There is an obvious 
decrease in the ultimate tensile strength with increasing elevated temperature.  However 
three of five specimens that were subjected to a temperature of 600oC spoiled during 
either the heating process or during the preparation for tensile test.  The ultimate strength 
of CFRP laminates based on the remaining two specimens was about half of its ambient 
value when the elevated temperature reached 600oC. 
The modulus of elasticity of CFRP laminates also decreased with increasing 
elevated temperature but not as severe as ultimate strength, as shown in Figure 3.11(b).  
When the elevated temperature reached 600oC, the modulus of elasticity dropped by 
about one fourth from the value at ambient temperature.   
However, compared to available report (Bisby 2005a), the drop in strength and 
modulus appeared to be less severe.  Based on the test data quoted in the report, the 
strength of carbon FRP systems decreased by about 80% when the elevated temperature 
reached about 500oC and the elastic modulus decreased more than 80% when the elevated 
temperature reached about 450oC as shown in Figure 2.5 (c) and Figure 2.6 (b).  The 
difference in the test results could be due to the different types of resin, and could 
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Table 3.1 Mechanical Properties of Steel Reinforcement at Ambient Temperature 
 
  Prism Beams Prototype Beams Remarks 
Yield strength (MPa) 451 456 R6 Elastic modulus (GPa) 184 188 
Average values 
of 6 specimens 
Yield strength (MPa) 476 490 T6 Elastic modulus (GPa) 150 173 
Average values 
of 6 specimens 
Yield strength (MPa) NA 470 T10 Elastic modulus (GPa) NA 173.5 
Average values 





Table 3.2 Tensile Test Program for BFRP System 
 
  Specimen Exposure Temp. 
Average Ultimate 
strength (MPa) 
Average Modulus of 
Elasticity (GPa) 
TB0A 28 77.90 11.60 
TB03 293 76.09 8.17 
TB04 400 93.55 - 
TB05 493 41.28 7.5 




TB06 567 13.13 * 
TB0A 28 99.58 8.90 
TB02 240 60.23 7.85 
TB03 300 67.19 7.73 
TB04 398 75.34 7.80 
TB05 497 43.08 9.70 





TB06 589 9.25 * 




specimens) TB4A*** 28 90.56 9.87 
Note: - Specimen results were not able to obtain modulus of elasticity. * Specimens broke before testing; 
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Table 3.3 Bond Test Program for BFRP System 
 





Bond test BB1A 1 30 4.46 0.45 
  BB2A 2 30 4.76 0.48 
  BB12 1 226 2.86 0.29 
  BB22 2 226 2.77 0.28 
  BB13 1 286 8.12 0.81 
  BB23 2 286 9.04 0.90 
  BB14 1 385 4.46 0.45 
  BB24 2 385 4.96 0.50 
  BB15 1 471 * * 
  BB25 2 471 * * 
  BB16 1 565 * * 
  BB26 2 565 * * 







Table 3.4 Tensile Test Program for CFRP System 
 






of Elasticity (GPa) 
Tensile test TC0A 28 428 35.3 
  TC02 228 432 42.3 
  TC03 322 324 40.3 
  TC04 438 342 38.7 
  TC05 502 296 36.0 
  TC06 577 172 30.0 
















































































(b) Peak strain reduction factor for concrete (Schneider 1976) 
 
Figure 3.2 Change in material properties for concrete 
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(d) Strain gauge locations 
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(a) Tensile test 
 
(b) Bond test 









































































(b) Modulus of elasticity 
 



























































Strain gauge location 
 










































Figure 3.10 Bond strength of BFRP system 




































(a) Tensile strength 











































(b) Modulus of elasticity 
Figure 3.11 Tensile properties of CFRP system 
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CHAPTER 4 
BEHAVIOR OF FRP STRENGTHENED BEAMS AFTER 
SUBJECTING TO ELEVATED TEMPERATURES 
 
4.1 GENERAL 
This chapter describes two test programs that were carried out to investigate the 
residual flexural characteristics of FRP-strengthened beams after they were subjected to 
elevated temperatures.  The first program was carried out using small prism specimens 
strengthened with glass FRP systems with various fire protection systems and basalt FRP 
systems without any protection.  The specimens were subjected to elevated temperatures 
in a small electrical furnace.  Subsequently a second program was carried out on 
prototype beams strengthened with carbon or basalt FRP systems using a larger capacity 
chamber.  Two types of fire protection systems were tried out in this program.  
 
4.2 INVESTIGATION USING SMALL FRP-STRENGTHENED PRISMS  
In the initial investigation, twenty-three prism specimens were fabricated.  They 
were divided into three series and tested as unstrengthened beams, glass FRP-
strengthened beams with or without protective systems and basalt FRP-strengthened 
beams. 
 
4.2.1 Test Program 
The details of the specimens are shown in Table 4.1.  Series I (Group C0) 
comprised seven non-strengthened beams.  Series II consisted of eleven beams 
 
                                                                                                                               Chapter 4 
 69
strengthened using glass FRP systems, and further classified into four groups: Group G0 
beams without fire-protection systems; and Groups GM, GU and GF beams with mortar 
overlay or intumescent coatings as fire-protection systems.  The third series (Group B0) 
consisted of five beams strengthened with basalt FRP systems without any fire-protection 
systems.  
Each specimen had a cross section measuring 100 mm by 100 mm and a length of 
400 mm, as shown in Fig. 4.1(a).  Both the top longitudinal and transverse reinforcements 
were of plain round steel bars with a diameter of 6 mm, yield strength of 467 MPa, and 
modulus of elasticity of 184 GPa.  The bottom longitudinal reinforcement consisted of 
two deformed steel bars, also of a diameter of 6 mm, but with yield strength of 544 MPa 
and modulus of elasticity of 150 GPa.  The concrete cover was 15 mm.   
The first two series (I and II) of specimens were cast, cured and tested during the 
same period.  Ordinary Type 1 Portland cement and coarse aggregates with a maximum 
size of 10 mm was used.  The mix proportion consisted of 367.5 kg of cement, 784 kg of 
fine aggregates, 910 kg of coarse aggregates and 237.3 kg of water per cubic meter of 
concrete, with a water-cement ratio of 0.75, that is, the mix ratios of cement, fine 
aggregates, coarse aggregates and water were 1:2.13:2.48:0.75 by weight.  The average 
28-day cube compressive strength of the concrete based on three cube specimens was 
about 29.8 MPa, while the concrete strength at the time of testing was about 40 MPa.  
The third series were cast a few months later, with the same mix proportion and the 
water-cement ratio.   
The glass FRP system consisted of E-glass fiber sheets with a thickness of 0.48 
mm and weight of 900 g/m2, impregnated in a resin with epoxy adhesive mixed with a 
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hardener in the ratio of 3:1 by weight.   For the basalt FRP system, the basalt fiber sheets 
weighed 400 g/m2 and had a thickness of about 1 mm, while the resin was a phenol-
resorcinol-formaldehyde (PRF) resin.  The mix proportion of resin and hardener was 3:1 
for GFRP system and 10:3 for BFRP system.  After the resin and hardener have been 
thoroughly mixed, it was applied on to the fiber sheets to form the FRP system within a 
working time of about 30 minutes.  
Mechanical properties of FRP laminates were obtained from tensile tests on 
specimens measuring 20 mm in width and 200 mm in length using a 50 ton Instron 
Machine.  As indicated in Table 4.1, the GFRP system had an ultimate strength of 279 
MPa and a modulus of elasticity of 22 GPa while BFRP system had an ultimate strength 
of 88.6 MPa and a modulus of elasticity of 8.8 GPa.  For the GFRP system, three fire-
protection systems were examined.  For Group GM specimens, the FRP systems were 
protected by a cement mortar overlay with a thickness of 15 mm.  The overlays were 
made of the same cement and fine aggregates as the concrete beams.  The mix proportion 
consisted of cement, sand and water in the ratio of 1 : 2 : 0.45 by weight.  For Group GF 
specimens, the FRP systems were protected by a water-based intumescent with no 
hazardous ingredients fire-protection coating named “CP 678 cable coating” which was 
meant to prevent the propagation of fires along internal electrical cables and against 
spread of flame on timber panels.  According to the MSDS (material safety data sheet), 
the ingredients of this coating was determined not to be hazardous, not explosive and 
self-inflammability.  The melting point and boiling point were however not available.  
For Group GU specimens, the protection system was a solvent-based, thin-film fire-
protection coating system originally meant for structural steelworks called “unitherm 
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38091 exterior”.  According to the safety data sheet, the coating product was a mixture of 
synthetic resins, pigments and solvents.  The flash point was indicated as 26oC and the 
ignition temperature was 430oC.  On exposure to heat, the coating was converted into a 
centimeter-thick layer of foam which was heat-insulating and prevents the underneath 
material from catching alight.  All coatings were applied in one layer according to the 
manufacturers’ specifications. 
The beams were cast and then placed in the curing room for 7 days, and 
subsequently kept in the laboratory under ambient conditions for another 21 days.  After 
that, the specimens were ground using an electrical grinder at the bottom face for the 
installation of the FRP laminates.   
Each beam in Series II was bonded with a single ply of a unidirectional glass 
fabric sheet, measuring 50 mm wide and 300 mm long.  According to the manufacturer’s 
instructions, a primer was first mixed and applied onto the prepared face.  After 3 to 4 
hours when the primer has become tacky, the epoxy resin was mixed and applied.  The 
glass fiber sheets were installed onto the beams and another layer of resin was applied to 
fully saturate the fiber sheets.  The glass FRP systems were let to cure for 14 days under 
normal room condition.  After that, the fire-protection systems were installed where 
required according to the manufacturers’ instructions.   
For Series III beams, the resin was first applied at the bottom face after grinding.  
Immediately after that, a single ply of bidirectional basalt fabric sheet of the same size as 
the glass fiber sheets in Series II beams was installed.  Finally, another coat of resin was 
applied to the bottom face to saturate the basalt fiber sheet. 
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All specimens were subjected to the same test procedure.  First, each specimen 
and three accompanying 50 mm cubes were heated to the target temperature in an 
electrical furnace as shown in Fig. 4.2, which was fitted with silicon carbide liner.  The 
furnace had an internal capacity of about 220 mm (height) by 220 mm (width) by 425 
mm (depth), which placed a limit on the size of the beam specimens that could have been 
prepared. 
The heating process was controlled by a program which set the heating rates and 
target temperatures in several steps.  Although the heating rate was intended to follow the 
standard temperature-time history of ASTM E-119 (2000), the actual heating rate was 
much slower as shown in Fig. 4.1(b), since the heat was produced by means of electrical 
wire spirals.  However, the actual temperature-time history approached the standard curve 
after about an hour. 
While the heating processes were completed in two or three hours, the cooling 
processes on the other hand took much longer.  After overnight cooling to the ambient 
temperature of about 28oC, the specimens were subjected to three-point bending test 
using an Instron testing machine with a 50-ton capacity following the procedure of 
ASTM C 293 (2002).  The loading rate was 0.1 mm/min.  A transducer was placed at the 
mid-span of the beams to measure the displacement.  The longitudinal strain distributions 
across the mid-span section were measured by omega strain gauge or a specially 
fabricated device comprising two transducers, from which, assuming linear strain 
distribution, the strain at any level can be obtained as shown in Fig. 4.3.  Also, the 
development of cracks and crack widths were recorded.  The test was stopped when the 
load has dropped noticeably. 
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4.2.2 Test Results and Discussion 
(a) Unstrengthened beams 
Beam C0A was tested statically to failure at the ambient temperature of about 
28oC, while Beams C02 to C013 were subjected to elevated temperatures between 227oC 
to 1035oC before they were tested to failure (see Table 4.1).  The load-deflection 
characteristics of the specimens when tested to failure are shown in Fig. 4.4(a).  The 
initial beam stiffness as measured from the slope of the curves and the ultimate strength 
(that is, the load-carrying capacity) of the specimens decreased with an increase in the 
elevated temperature.  The failure characteristics also changed after the specimens were 
subjected to high temperatures.  Based on load-strain curves shown in Fig. 4.4(b), the 
longitudinal steel reinforcements of Specimens C05 and C06 which were measured by 
curvature measuring device were yielded at failure.  Thus these two specimens failed as 
flexural tension as indicated in Table 4.1.  Other load-strain curves measured by omega 
strain gauge cannot track full strain change during test because of cracks at location of 
omega strain gauge so that dashed lines are added to indicate strain change in Specimens 
C010 and C013.  Based on the pictures of unstrengthened beam after failure shown in Fig. 
4.5, it can be deduced that from Specimens C0A to C08 all failed as flexural tension.  The 
last two Specimens C010 and C013 were shear failure.  From Fig. 4.5, there were obvious 
shear cracks developed from center of the top of the specimen to the bottom of the 
specimens near two supports.  The change of crack pattern from only flexural cracks to 
both flexural cracks and diagonal shear cracks is a result of deterioration of concrete and 
steel due to elevated temperatures.   
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Figure 4.4 (c) shows the growth in maximum crack widths with the applied load.  
When the elevated temperature was up to 200oC, the crack development was not 
obviously affected.  But after the specimens were subjected to moderately high 
temperature, the cracks grew faster and the first crack load decreased with an increase in 
the elevated temperature as Specimen C05, C06 and C08.  After the specimens were 
subjected to elevated temperature up to 1000oC, the cracks grew fast without increasing 
loading.  The more severe crack pattern due to heating reflects the deterioration of 
mechanical properties of concrete and reinforcements.    
 
(b) Temperature histories 
Two extra specimens were fabricated with the same cross-section and 
reinforcement details as other twenty-three specimens.  During fabrication, seven 
thermocouples were installed to each beam specimen so that the time-temperature 
histories can be monitored in the heating process.  These two specimens were 
strengthened with GFRP and BFRP laminates respectively and subjected to elevated 
temperature to almost 1000oC.  The time-temperature histories of furnace, FRP surface, 
interface between FRP and concrete, steel bar and center of the beam are shown in Figure 
4.6 (a) and (b).  Comparing the furnace temperature with the standard time-temperature 
curve in ASTM E-119 (2000), the heating rate of the furnace cannot match the standard 
curve because the heat was generated by electricity.   
In Fig. 4.6 (a), the temperature in the interface increased slower than the GFRP 
surface temperature, but both were following the furnace temperature and increasing fast 
in the first two hours.  After thirty minutes of heating, the temperature of GFRP surface 
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reached 200oC while the interface temperature reached 100oC.  After one hour, the 
temperature of GFRP surface exceeded 400oC while the interface temperature reached 
about 300oC.  The furnace temperature exceeded 600oC after one hour heating.  The 
temperature difference between GFRP surface and interface of GFRP and concrete could 
be because the GFRP laminate would absorb heat during heating and the thermocouple 
may be covered by a thin layer of concrete during casting.  The temperature of center and 
steel bar remained much lower than furnace temperature during whole heating process.  
There were “plateau” stages near 100 °C in the temperature histories of beam center and 
steel bar which could be because of water release in the concrete.  The temperature 
histories at these four locations have similar patterns as the furnace temperature history 
but the temperature increased slower when the thermocouple was embedded in a more 
inner location.  All the time-temperature curves were approaching the same curve when 
the prism specimen was cooling down.   
Fig. 4.6 (b) presents the time-temperature histories of BFRP strengthened beam.  
Similarly, the temperature increased slower at BFRP surface, interface between concrete 
and BFRP laminate, steel bar and center of the beam than furnace temperature.  However, 
the time-temperature histories of BFRP surface and interface are almost the same.  After 
thirty minutes heating, both temperatures reached 200oC and reached 400oC after one 
hour heating.  The reason for BFRP surface having an almost same temperature history as 
interface, could be the thickness of BFRP laminate was thinner than GFRP laminate and 
absorbed less heat.  The temperature profiles of steel bar and center of the beam are 
similar to the ones of GFRP-strengthened beam and also exhibited the same “plateau” 
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stages near 100°C.  Again, all the time-temperature curves approached one another when 
the prism specimen was cooling down.   
Based on the time-temperature histories, it can be seen that without any protection, 
the temperature of FRP would increase rapidly but attain a temperature which was lower 
than the furnace temperature.  The temperature difference between FRP surface and 
interface of FRP and concrete was not evident.  The steel bars and concrete on the other 
hand can remain at a relatively low temperature during the whole heating process. 
 
(c) GFRP strengthened beams with or without fire protection systems 
Figure 4.5 shows the photographs of all the specimens.  It can be seen that when 
GFRP strengthened prism specimens were subjected to heating, the resins were seen to 
have been damaged and the fibers were partially exposed and observed to be broken near 
the edge of the laminates.  The glass FRP systems had turned blackish and the concrete 
had also been charred.  Due to safety concerns regarding the emission of toxic gases and 
as it was not the intent to investigate glass FRP-strengthened beams without protection 
system, there were only two specimens, G0A and G05 in Group G0.  Beam G0A was 
tested without heating whereas G05 was subjected to a target temperature of about 500oC 
before testing.  These two specimens showed a similar trend as for the unstrengthened 
Group C0 beams.  That is, exposure the beams to elevated temperatures led to slightly 
reduced stiffness, larger crack widths, and lower ultimate strength, as shown in Fig. 
4.7(a).  Both beam specimens had similar crack pattern, namely flexural cracks at center 
and shear cracks from loading point developing towards supports, as shown in Fig. 4.5.  
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The failure mode of both specimens was debonding, which was induced by intermediate 
flexural crack developed at central bottom part of the beams. 
 The load-deflection curves for Group GM specimens are shown in Fig. 4.7(b).  
Specimens GMA and GM4 were tested with the mortar overlays intact; GM6 was 
originally tested with mortar overlay but the mortar overlay broke at the supports during 
the test, so it was re-tested without the mortar overlay.  The initial beam stiffness and 
ultimate load capacity again decreased with an increase in the elevated temperature.  The 
residual ultimate strength of Beam GM4 that was subjected to close to 400oC was about 
the same as Beam GMA, and higher than Beam GM6 that was heated to over 600oC.  The 
residual ultimate strength of GM6 was higher than C06, indicating that the FRP system 
was still contributing to the ultimate strength.  The mortar overlay could have protected 
the FRP system during the heating process.  The failure modes of the specimens changed 
from flexure-debonding to shear-debonding with higher elevated temperature.  The crack 
width development was similar of Specimen GMA and GM4, while Specimen GM6 had 
a faster crack growth than the other two specimens due to deterioration of concrete and 
steel reinforcements.   
The load-deflection curves for Group GF and GU specimens with intumescent 
coatings as a fire-protection system are shown in Figs. 4.7 (c) and (d) respectively.  The 
initial beam stiffness did not decrease as in Group C0, G0 or GM specimens, for 
temperatures of up to about 500oC, indicating that the fire-protection coatings were 
effective.  When the elevated temperature exceeded 600oC, as in Beams GF6 and GU6, 
the residual ultimate strength of the beams were found to decrease by about one-third of 
the values at ambient temperature.  But only Beams GF6 decreased by about one-third in 
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initial beam stiffness.  In GF group, the pattern of crack growth was similar between GFA 
and GF5 as shown in Figure 4.7 (c).  But the crack grew much faster after the specimen 
was subjected to about 600oC as indicated by Specimen GF6 in the same figure.  The 
failure modes of all the three specimens were interfacial debonding (Fig. 4.5).  The 
debonding of Specimen GFA was caused by intermediate flexural cracks while 
debonding of the other two were more caused by intermediate flexural shear cracks.  In 
group GU, the crack grew faster after the specimens were subjected to higher elevated 
temperatures as presented in Figure 4.7 (d).  The failure modes changed from flexural 
compression of Specimen GUA to flexural debonding of Specimen GU5 and GU6.  The 
debonding of Specimen GU5 and GU6 were mainly caused by intermediate flexural shear 
cracks (Fig. 4.5).  This change on failure mode indicated deterioration of GFRP, concrete 
and reinforcement due to heating. 
 
 (d) BFRP strengthened beams without fire protection systems 
Group B0 consisted of five basalt FRP-strengthened beams, which were subjected 
to elevated temperatures up to about 800oC.  The load-deflection and load-crack width 
characteristics of these specimens when tested to failure after heating are presented in 
Figs. 4.8(a) and (b).  The residual ultimate strength decreased gradually when the 
elevated temperature increased.  It is worth noting that Specimen B02 had almost the 
same residual ultimate strength as B0A, which means that for BFRP strengthened beams, 
an elevated temperature of about 200oC did little damage to the BFRP system.  The initial 
beam stiffness did not seem to be affected at 200oC but decreased a lot after subjecting to 
higher temperatures.  The failure modes were largely flexural rupture in nature and the 
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failure happened in a sudden and brittle way when the BFRP laminates ruptured, as 
indicated in Table 4.1 and Figure 4.5 (c).  In Specimen B08, the basalt FRP laminate had 
partially debonded due to heating and this led to a lower strength of the beam.  Figure 
4.8(b) shows the growth of crack width with the applied load.  It can be observed that the 
first crack load decreased and the maximum crack widths for a given load slightly 
increased with an increase in the elevated temperature.  In Specimen B08, the crack 
widths were excessively large, due to partial separation of laminate from the beam from 
the start of the test. 
 
4.2.3 Effect of Elevated Temperature on Ultimate Strength 
Figure 4.9 shows the ultimate strength of all test specimens in Series I, II and III, 
normalized by the ultimate strength of Specimen C0A and plotted against the elevated 
temperatures.  First, Group C0 beams, which were unstrengthened RC beams, suffered a 
reduction of 20% after subjecting to 500oC and more than 70% after subjecting up to 
1000oC in ultimate load capacity.  The unprotected glass FRP-strengthened beams 
(Group G0) had higher ultimate load capacity compared to the unstrengthened beams 
after subjecting to the same elevated temperature, as long as it was not more than 500oC.   
Figure 4.10 and Table 4.2 present the analysis details of load capacity difference 
between GFRP-strengthened prisms and unstrengthened prisms.  At ambient 
temperatures, the load capacity of GFRP-strengthened prism was 10 kN larger than the 
unstrengthened prism and the strengthening effect was remained or decreased 10% after 
both strengthened (with protections) and unstrengthened prisms were subjected to 500oC.  
It proved that the protective coatings can help to preserve GFRP strengthening effect.  
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However, after the GFRP-strengthened prisms with protections were subjected to about 
600oC, the load capacity were 5 kN to 8 kN larger than unstrengthened prisms.  The 
protections were still working but can only partially preserve the GFRP system.  From 
Figure 4.9, specimens with fire-protection systems (Group GM, GU and GF) did not 
show a distinctly higher ultimate load capacity than Group G0 specimens, indicating that 
the glass FRP systems were not seriously affected in terms of strength as long as the 
elevated temperatures were not more than 500oC.  Beyond 700oC, the fire-protection 
systems appeared to have lost their effectiveness.  It is believed that this threshold 
temperature could be further increased with improved fire-protection systems.  
In Group B0 specimens as presented in Figure 4.9, the strengthening effects of 
basalt FRP systems were not very obvious when compared to the unstrengthened beams 
(Group C0) since the concrete strengths were not exactly the same for these two groups.  
However, the ultimate load capacity of basalt FRP-strengthened specimens decreased at a 
slower rate compared to other groups of specimens, which was about 10% reduction after 
subjecting to about 500oC and about 25% reduction after subjecting to 800oC, indicating 
that the basalt FRP systems may have a higher resistance to elevated temperature. 
 
4.3 INVESTIGATION ON PROTOTYPE BEAMS  
The second test program focused on the flexural behavior of prototype FRP-
strengthened beams after exposure to elevated temperatures in an electrical chamber.  The 
chamber had internal dimensions measuring 1400 mm (width) by 400 mm (depth) by 400 
mm (height).  Twenty-two specimens comprising unstrengthened beams and FRP-
strengthened beams were fabricated.  Fire protection system including fiber reinforced 
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cement mortar and an intumescent surface coating epoxy system, were used on six beams.  
Besides, four of the specimens were subjected to sustained load as well.  After subjecting 
to elevated temperatures in the chamber, the specimens were allowed to cool down to 
ambient temperature and then tested to failure under four-point bending.     
 
4.3.1 Test Program 
The beam specimens were divided into three series IV, V and VI.  Specimens in 
the first two series were strengthened by three layers of basalt FRP laminates while 
specimens in the third series were strengthened by one layer of carbon FRP laminate as 
shown in Table 4.3.  Series IV included two control specimens, an unstrengthened beam 
B00A and a BFRP strengthened beam B30A, which were both tested at the ambient 
temperature of 28oC.  All the other specimens in Series IV were strengthened by basalt 
FRP laminates and subjected to elevated temperatures ranging from 272oC to 627oC.  
Two specimens in this series were provided with fire protection system.  They were 
Beam B3C6, protected by a fireproof coating and Beam B3F6, protected by a fiber 
reinforced cement mortar (FRCM) overlay.    
All the four specimens in Series V were strengthened by basalt FRP laminates and 
subjected to an elevated temperature of about 580oC, while sustaining a load ranging 
from 0.35 to 0.85 times the ultimate load capacity of Beam B30A.  Specimens in Series 
VI were strengthened by one layer of carbon FRP laminate.  And similar to Series IV, 
there were two control specimens, an unstrengthened beam C00A and a CFRP 
strengthened beam C10A, which were tested at the ambient temperature.  Four specimens 
in Series VI were provided with fire protection system, that is C1C5, C1C6 protected 
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using the fireproof coating and C1F5, C1F6 were protected by the fiber reinforced 
cement mortar (FRCM) overlay.  
All specimens were of the same dimensions, with a cross-section measuring 125 
mm in height by 100 mm in width and a length of 1200 mm (see Fig. 4.11).  The top 
longitudinal reinforcement consisted of two deformed steel bars with a diameter of 6 mm 
and average yield strength of 490 MPa while the bottom longitudinal reinforcement 
consisted of two deformed steel bars with a diameter of 10 mm and yield strength of 470 
MPa.  The transverse reinforcing links consisted of the plain round steel bars with a 
diameter of 6 mm and average yield strength of 456 MPa.  The concrete cover was 15 
mm.  The mix proportion and the water-cement ratio of concrete for each specimen 
remained the same as the first test program described in Section 4.2.  However, the three 
series were cast and cured at different times because of test schedule.  Thus, the concrete 
strength at the time of testing was different, and was about 38 MPa for the Series IV and 
Series V, and about 32 MPa for Series VI.  All beams were strengthened with fiber sheets 
of the same size, each measuring 80 mm in width and 1000 mm in length.  The FRP 
laminates were installed 28 days after the beams were cast and then left to cure for two 
weeks under laboratory conditions.       
The protective fireproof coating used in the test program is a commercially 
available intumescent surface coating epoxy system which supposedly give fire 
protection to wood, FRP, and metal.  In a fire situation, it foams and forms an insulating 
layer to protect the base substrate and prevent it from damage by the direct flame.  The 
fiber reinforced cement mortar overlay was 15 mm thick, and contained 1.5% by volume 
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of hooked-end steel fibers with a length of 35 mm and diameter of 0.75 mm in a mortar 
mix with cement, sand and water in the proportion of 1:2:0.45 by weight.  
All specimens were cast and then removed from the moulds one day after casting, 
and subsequently covered with wet burlap for 7 more days.  They were kept in the 
laboratory under ambient conditions for the next 21 days.  After that, the beams were 
ready for the installation of FRP systems.  First, the specimens were ground at the bottom 
face.  The resin were mixed and applied using a roller brush to the ground face, following 
which the fiber sheet was placed.  Another coat of resin was applied right after to fully 
saturate the fiber sheet.  The process was repeated until the required plies of FRP sheets 
were installed.  The FRP laminates were left to cure for two weeks, then fiber bolts were 
installed to anchor the FRP sheets.  Two holes of a diameter about 8 mm and a depth of 
30 mm were drilled at about 100mm away from two ends of the beams.  Basalt/Carbon 
fibers of 120 mm length were cut and made into bundles with a diameter about 6 mm. 
The fiber bundle was dipped into epoxy and filled in the hole.  The part outside the hole 
was full saturated with epoxy, pressed down to the beam bottom and spread over.  In this 
way fiber bolts to anchor the FRP laminates were made.  After two weeks of curing, the 
fire protection system was installed. 
In the case of fiber reinforced cement mortar, the overlay was cast on the 
specimens.  On the other hand, the fireproof coating consisted of a fiber veil and two-
component coating mixed by proportion following the manufacturer’s instructions.  The 
specimen was wrapped around by the fiber veil.  Two components namely resin and 
hardener were mixed in the ratio of 100:14 thoroughly and then applied to fully saturate 
the fiber veil.  All coatings were applied in one layer.  After one week when the coating 
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has completely hardened, the specimen was prepared for the heating process and 
subsequent testing.     
4.3.2 Fire Chamber 
All specimens were subjected to the same test procedure.  First, each specimen 
and three accompanying 100 mm cubes (to determine the compressive strength) were 
heated to the target temperature in the electrical chamber as shown in Fig. 4.12, the 
details of heating curve have been introduced in Chapter 3.  The heating process was 
controlled by a program which set the heating rates and target temperatures in several 
steps.  The highest temperature that the chamber can reach is about 800oC.  The 
temperatures at the interface between FRP laminates and concrete and at the centre of the 
beam specimens were monitored.   
The actual temperature-time curves of all the BFRP strengthened beams are 
shown in Fig. 4.13 (a) and all the temperature-time curves are consistent at heating stage. 
The full temperature profiles of Specimen B306 are presented in Fig. 4.13 (b) as a typical 
example.  The heating process was similar to small beams, which composed of two main 
stages: the heating part took about one to two hours, while the natural cooling part 
usually took overnight before the chamber returned to the ambient temperature.   
Series V beams were subject to sustained load during heating, thus they were 
loaded first to the target sustained load, and then the heating process was started while the 
loading was maintained.  Heating was stopped upon reaching the target temperature, but 
the sustained load was maintained for another two hours before unloading. 
When the temperature of chamber has returned to ambient temperature, the beam 
was taken out and prepared for four-point bending test as shown in Fig. 4.14.  Two strain 
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gauges FLA-10-11 for FRP laminates and PFL-30-11 for concrete were installed on the 
top and bottom of the beam respectively to measure the strains of the top concrete fiber 
and the FRP laminate at mid-span.  The strain at the location of tensile steel bars was also 
recorded indirectly by a curvature measuring device attached over a gauge length of 150 
mm at mid-span.  In addition, beam deflections were measured by a transducer placed at 
mid-span.  Two transducers were placed at supports to monitor any settlement.  The 
loading rate was 0.1 mm/min, and crack widths were measured during the test using a 
microscope, at every 5 kN change of loading.  The test was stopped when the load-
carrying capacity of the beam has dropped noticeably.  
 
4.3.3 Test Results and Discussion 
(a) BFRP strengthened beams without protective coatings 
Two control specimens B00A and B30A in Series IV were tested statically to 
failure at the ambient temperature of 28oC, while other specimens were subjected to 
elevated temperatures between 272oC to 627oC as indicated in Table 4.3 before they were 
tested to failure.  The residual flexural characteristics of the basalt FRP-strengthened 
beams are shown in Fig. 4.15.  The load-deflection characteristics shown in Fig. 4.15(a) 
indicate that the initial beam stiffness was almost unaffected while the ultimate strength 
decreased with an increase in the elevated temperature, the values of which are tabulated 
in Table 4.3.  The crack widths indicated in Figure 4.15 (b) show that the first crack load 
decreased and the cracks generally grew faster with an increase in the elevated 
temperature.  Figures 4.15(c) (d) and (e) show the development of strains in the FRP 
laminate, extreme concrete fiber, and steel reinforcement.  It can be observed that strains 
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at failure of FRP laminates, concrete and steel reinforcement became smaller after the 
specimens were subjected to higher heating temperatures due to deterioration of 
mechanical properties of materials.  
The control specimens failed by rupture of BFRP laminates with flexural cracks 
occurring from the bottom of the beam near the midspam.  For other beams after 
subjecting to elevated temperature, failure was caused by flexural debonding, in which 
the FRP laminates debonded from the location of a flexural crack, and this was 
accompanied by occurrence of diagonal shear cracks.  The change in failure mode 
indicated a severe deterioration of the bond strength between the concrete and the FRP 
laminates.  After subjecting to 558oC, the basalt FRP laminate partially debonded during 
heating in Beam B306.  
 
(b) Effect of sustained loading 
Series V consisted of four basalt FRP-strengthened beams, which were heated to a 
temperature of about 580oC while being subjected to sustained loads ranging from 35% to 
80% of the ultimate beam strength at ambient temperature.  The elevated temperature for 
Beam BL85 was not measured correctly due to instrument fault but was deduced to be 
similar to the other beams in the same series by comparing the temperatures measured on 
the beam surface.  Figure 4.16 (a) shows the residual flexural characteristics of beam 
specimens after subjecting to both elevated temperature and sustained load and two other 
specimens (B305 and B306) for comparison, while Figure 4.16 (b) shows the ultimate 
strength of the same six specimens.  The presence of sustained load during heating did 
not have much effect on the beam stiffness and strength.  But Both the extreme concrete 
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fiber strain and the crack width decreased compared to Beam B305 and B306 that was 
tested after heating to 524oC and 558oC but not subjecting to sustained loading, shown in 
Figures 4.16 (c) and (d).   
 
(c) CFRP strengthened beams without protective coatings 
Similar to Series IV, there were two control specimens C00A and C10A in Series 
VI, which were tested statically to failure at the ambient temperature, while other 
specimens in this series were subjected to elevated temperatures between 320oC to 630oC 
as indicated in Table 4.3, before they were tested statically to failure.  The residual 
flexural characteristics of the carbon FRP-strengthened beams are shown in Figure 4.17.  
Based on Fig. 4.17(a), the initial beam stiffness remained almost the same while the 
ultimate strength decreased about 10% after heating to about 300oC, but when the beams 
were exposed to higher temperature of up to 600oC, the residual ultimate strength 
decreased further.  The crack widths in Figure 4.17(b) show that except Specimen C00A, 
other specimens had similar crack widths although the first crack load decreased with an 
increase in the elevated temperature.  Figures 4.17(c), (d) and (e) present the strain in the 
FRP laminate, the extreme concrete fiber and steel reinforcement.  It can be observed that 
the steel reinforcement had lower strains at ultimate deflections when the heating 
temperature was high.  However, the FRP laminate showed consistent strain development 
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(d) Effectiveness of fire protection systems 
Figure 4.18 and Table 4.4 show the effectiveness of two protection systems, that 
is, using FRCM overlay and fireproof intumescent coating.  In Figure 4.18 (a), Specimens 
B3F5 and B3C6 were compared with unprotected Specimens B305 and B306 
respectively.  The FRCM overlays in the specimens were partially debonded during 
exposure to elevated temperature and were removed before testing the beams to failure.  
As shown in Fig. 4.18(a-i) the initial beam stiffness were the same.  Besides, Specimens 
B3F5 and B305 had about the same ultimate strength while Specimens B3C6 had a 
higher ultimate strength than Specimen B306 by 6 kN which indicated that FRCM 
overlay was not very effective, compared to the fireproof intumescent coating.  However, 
the Fig. 4.18(a-ii) shows that the fireproof intumescent coating did not improve cracking 
characteristics whereas the FRCM overlays can slow crack growth till about 40kN. 
For CFRP-strengthened beams, the specimens protected by coatings subjected to 
similar temperatures were compared in Figure 4.18 (b) and (c) and Table 4.4.  That is, 
Specimens C1F5 and C1C5 were compared with Specimens C105, C10A and C00A, 
while Specimens C1F6 and C1C6 were compared with Specimens C106, C10A and 
C00A.  After subjecting to elevated temperature, the FRCM overlays were also removed 
before testing due to debonding during heating.  The specimens subjected to 500oC all 
had ultimate strength of about 50kN which was much higher than the ultimate strength of 
Specimen C00A except Specimen C1F5.  Specimen C1F5 had an unreasonably low 
ultimate strength which could be due to the impairment during removal of FRCM overlay 
or possible faulty prefabricating.  This indicates that CFRP laminates lost only part of 
strengehening effects but were still working even without protective coatings.         
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When the elevated temperature reached 600oC, the performance was similar.  
From Table 4.4 and Figure 4.18(c-i), the ultimate strength of specimens after subjecting 
to 600oC all had ultimate strength above 50kN.  It further showed that the CFRP 
laminates had strengthening effects until the elevated temperature reached 600oC even 
without protective coatings.  Between the two protective systems, the fireproof 
intumescent coating showed better performance than the FRCM overlay.  Fig. 4.18(c-ii) 
shows that crack developed slightly faster in the beams C1C6 and C1F6 that had been 
provided with fireproof intumescent coating and FRCM respectively.  The reason is 
unclear but may be due to damage to the FRP laminates upon removal of protetive system 
before testing.  
 
4.3.4 Comparison with test results on prism specimens 
Fig. 4.19 shows the ultimate strength of all specimens without protection in test 
programs 1 and 2, excluding the prototype beam specimens subjected to sustained 
loading, plotted against the elevated temperature.  The effects of the protective coatings 
have been discussed in previous sections and because the protective coatings did not 
show obvious effects in CFRP strengthened prototype beams and due to limited number 
of beams, it is hard to compare coatings in the two test programs.  From the figure, it is 
seen that prism and prototype beam specimens gave similar test results.  The two series of 
BFRP strengthened specimens presented almost the same decreasing strengthening effect 
after subjecting to elevated temperatures.  Also, the BFRP strengthened prisms showed 
similar strength than the unstrengthened prisms due to a smaller concrete strength.  The 
reason that BFRP strengthened prototype beams had much higher strengthening effects 
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than BFRP strengthened prisms is because the prototype beams were strengthened by 
three layers of BFRP while the prisms were strengthened by only one layer of BFRP 
laminate.  There is no size effect observed in the test results for BFRP strengthened 
specimens, as far as the reduction in strength with temperature is concerned.  Comparing 
the strengthening effects among the three types of FRP laminates after subjecting to 
elevated temperatures, CFRP was the most stable FRP laminate, and GFRP was the most 
unstable since its strengthening effect decreased fastest.  Comparing the decreasing trends 
GFRP strengthened specimens had a similar deterioration as unstrengthened specimens.   
 
4.4 SUMMARY 
From the experimental programs carried out on prism specimens and prototype 
beam specimens, several conclusions can be drawn as follows: 
(a) Elevated temperatures led to a decrease in residual ultimate strength for both 
GFRP and BFRP strengthened reinforced RC beams and also a decrease in the initial 
stiffness for GFRP strengthened RC beams.  For CFRP strengthened beams, the initial 
beam stiffness was not affected and the decrease of ultimate strength was less than GFRP 
or BFRP strengthened beams.  
(b) Both CFRP and BFRP laminates had better fire resistance than GFRP 
laminates, partly because of the type of resin used.  Also, there was no size effect based 
on the test results of BFRP strengthened specimens. 
(c) The failure mode changed after the specimens were subjected to elevated 
temperatures.  For unstrengthened prisms, the failure mode changed from flexural tension 
to shear as the material deteriorated due to heating.  The failure mode of most GFRP 
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strengthened prisms was debonding, but the failure mode of specimens in GU group 
changed from flexural compression to flexural debonding.  For BFRP strengthened 
prisms, the failure mode remained as flexural rupture.  In the case of prototype beam 
specimens the failure modes were determined by which was weaker between the bond of 
FRP-concrete interface and the FRP strength due to heating.  Specifically, the failure 
mode of BFRP strengthened beams were flexural debonding but for CFRP strengthened 
beams, the failure mode changed from flexural debonding to flexural rupture. 
(d) Sustained loading during heating did not result in further deterioration of beam 
stiffness and strength.  But both the extreme concrete fiber strain and the crack width 
decreased compared to specimens without sustained loading which may be attributed to 
the reduction in maximum deflection.  
(e) The protective coatings used in GFRP strengthened prisms can help to 
preserve GFRP strengthening effects.  But beyond 700oC, the fire-protection systems 
appeared to have lost their effectiveness.  The protective coatings used on prototype 
beams were effective for BFRP strengthened beams and the FRCM overlay was not as 
effective as the fireproof intumescent coating but the FRCM overlays can slower down 
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Table 4.1 Prism specimens and test results 





















I C0 C0A     28 39.5 39.5 21 42.7  FT 
   C02     227 36 39.5 13 39.9  FT 
   C05     501 29.4 32.9 12 34.4  FT 
   C06 ------ ------ 613 25.5 33.6 6 32.4  FT 
   C08     806 17.2 39.9 6 29.2  FT 
   C010     1010 5.5 38.5 6 14.0  S 
    C013     1035 4.4 40.2 9 11.5  S 
II G0 G0A GFRP ------ 28 40.3 40.3 16 52.8  FC 
   G05     509 34.9 40.3 13 44.8  FD 
 GM GMA   28 40.1 40.1 21 57.7  FD 
   GM4 GFRP 363 37.6 40.1 16 48.4  FD 
   GM6   
 Mortar 
overly 
  609 29.4 39.9 9 37.9# FD 
 GU GUA   28 41.4 41.4 26 50.4  FC 
   GU5 GFRP 553 37.2 41.4 24 43.2  FD 




  671 30.7 39.9 17 35.7  FD 
 GF GFA   28 38.9 38.9 23 50.4  FD 
   GF5 GFRP 490 34.1 38.9 13 46.5  FD 




  608 29.6 39.2 14 40.4  FD 
III B0 B0A     28 36.5 36.5 12  38.1  FR 
   B02     262 39.2 36.5 7 38.1  FR 
   B05 BFRP ------ 546 33.3 38.8 8 34.5  FR 
   B06     640 27.5 35.3 7 33.8  FR 
    B08     775 21.8 36.5 5 28.1  FD## 
*  GFRP: fpu = 279 MPa;  Ep = 22 GPa; t = 1.27 mm/ply; 
BFRP: fpu = 88.6 MPa;  Ep = 8.8 GPa; t = 0.63 mm/ply. 
The FRP material properties are lower than commercial products due to imperfection during 
hand-made process and machine sensitivity but the reliability is verified by multiple testing. 
** FT: flexural tension; FC: flexural compression; FD: flexural debonding; FR: flexural rupture; S: shear.   
#  tested without mortar overlay. 
## FRP debonded before load test. 
1
cuf  concrete strength after heating; 
2
cuf  concrete strength without heating. 




Max. load (kN) 
Strengthened 
Max. load (kN) 
GFRP strengthening 
effects(kN) Remarks 
Ambient 42.7 (C0A) 52.8 (G0A) 10.1 Effect of GFRP 
43.2 (GM5)* 8.8 Effect of Mortar overlay 
43.2 (GU5) 8.8 Effect of Intumescent Type 1 500oC 34.4 (C05) 
46.5 (GF5) 12.1 Effect of Intumescent Type 2 
37.9 (GM6) 5.5 Effect of Mortar overlay 
39.4 (GU6)* 7.0 Effect of Intumescent Type 1 600oC 32.4 (C06) 
40.4 (GF6) 8.0 Effect of Intumescent Type 2 
*: The values were obtained by interpolation. 
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Table 4.3: Test specimens and results for prototype beam specimens 
Series Specimen 
FRP 







 B00A ------ 28 38.5 7 42.81 FT ------ 
 B30A 28 38.6 12 49.88 FR ------ 
 B303 272 29.2 12 48.10 FD ------ 
IV B304 463 31.4 5 46.15 FD ------ 
 B305 524 28.3 9 46.94 FD ------ 
 B306 558 25.3 5 41.37 FD ------ 
 B3C6 627 30 13 47.59 FD  fireproof coating 
  B3F5 




   
 
  517 27.3 10 46.64 FD FRCM 
 BL35 581 24.7 5 46.83 FD 0.35Pu 
V BL55 573 27.5 10 49.18 FR 0.50Pu 
 BL65 588 31.3 10 44.08 FR 0.65Pu 





   * 36.4 7 46.07 FR 0.80Pu 
 C00A ------ 28 33.2 5 42.23 FT ------ 
 C10A 28 31.7 13 55.21 FD ------ 
 C103 319 29.2 15 50.11 FD ------ 
 C104 403 26.8 11 51.13 FD ------ 
VI C105 474 27.8 5 50.70 FR ------ 
 C1F5 568 27.7 10 43.52 FR FRCM 
 C1C5 485 27.4 10 49.74 FR  fireproof coating 
 C106 547 30.4 10 52.65 FR ------ 
 C1F6 575 28.3 12 50.31 FR FRCM 







   
  
  631 28.9 10 51.68 FR  fireproof coating 
**    BFRP: fpu = 88.6 MPa;  Ep = 8.8 GPa; t = 0.63 mm/ply ; 
        CFRP: fpu =427.9 MPa;  Ep = 40.8 GPa; t = 0.99 mm/ply.  
        Mechanical properties of BFRP and CFRP are from tensile tests mentioned in Chapter 3.  
***  FT: flexural tension; FD: flexural debonding; FR: flexural rupture 
 
















Ambient 42.81 (B00A) 49.88 (B30A) ---------- 7.075 Effect of BFRP 
500oC ---------- 46.94 (B305) 46.64 (B3F5) (0.30) Effect of FRCM 
600oC ---------- 41.37 (B306) 47.59 (B3C6) 6.22 Effect of fireproof coating 
Ambient 42.23 (C00A) 55.21 (C10A) ---------- 12.98 Effect of CFRP 
500oC ---------- 43.52* (C1F5) (7.18) Effect of FRCM 
 ---------- 
50.70 (C105) 
49.74 (C1C5) (0.95) Effect of fireproof coating 
600oC ---------- 50.31 (C1F6) (2.34) Effect of FRCM 
 ---------- 
52.65 (C106) 
51.68 (C1C6) (0.98) Effect of fireproof coating 
*: The unreasonably low test value of Specimen C1F5 could be due to the impairment during removal of FRCM overlay or 
possible faulty prefabricating. 
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(b) Temperature-time histories 
Figure 4.1 Test specimens and temperature-time histories 
 
 










(a) Location of omega strain gauge 
 
(b) Curvature measuring device 
Figure 4.3 Test set-up and instrumentation 
 
 


















































Note: The strain Specimens C05 and C06 were recorded by 
curvature measuring device while strains of other specimens 
were measure by omega strain gauge. 

























(c) Load vs. crack width relations 
Figure 4.4 Series I (Group C0) specimens 
 


















(a) Series I (Group C0) Specimens 






















(b) Series II (Group G0, GM, GU & GF) Specimens 



















(c) Series III (Group B0) Specimens 





























































(b) BFRP-strengthened prism 













































(a) Group G0 specimens 













































                             note: * tested without mortar overlay 
(b) Group GM specimens  
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(c) Group GF specimens 
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(d) Group GU specimens 
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(b) Load vs. crack width relations 
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(b) Specimens heated to 600oC 
Figure 4.10 Comparison of load-deflection curves 
 













































































(b) Temperature time histories of B306 
Figure 4.13 Temperature profiles 
 
 
Figure 4.14 Test set-up 
 
































































(c) Strain in tensile steel bars 
Figure 4.15 Effect of elevated temperature on BFRP strengthened beams (continued next 
page) 
 











































(e) Strain in FRP laminate 




















































(b) Ultimate strength-sustained load ratio 



















































(d) Maximum crack width 
































































(c) Strain in tensile steel bars 
Figure 4.17 Effect of elevated temperature on CFRP strengthened beams (continued 
next page) 
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(e) Strain in FRP laminate 















































(ii) Maximum crack width 



















(i) Mid-span deflection 
(b) CFRP strengthened beams subjected to 500oC 
Figure 4.18 Effect of fire protection system (continued next page) 
 
 





















(ii) Maximum crack width 










































(ii) Maximum crack width 
(c) CFRP strengthened beams subjected to 600oC 
Figure 4.18 Effect of fire protection system 
 
 





















BFRP strengthened prototype beams
CFRP strengthened prototype beams
 














         






 The residual ultimate flexural strength of FRP-strengthened beams that have been 
subjected to elevated temperatures may be predicted from flexural theory using the 
deteriorated material properties.  With proper anchorage at the FRP laminate cut-off 
points at beam ends, the failure modes of a FRP-strengthened beam can be narrowed 
down to: (i) flexural compression (FC), that is, compressive crushing of concrete after 
yielding of internal steel reinforcement; (ii) flexural rupture (FR) of FRP laminates after 
yielding of internal steel reinforcement; and (iii) debonding (FD) of FRP laminates at 
flexural cracks.   
 
5.1 PROPOSED MODEL 
5.1.1 Assumptions 
 The main assumptions in the flexural strength analysis carried out are: (a) plane 
section remains plane under bending; therefore, a linear strain distribution across the 
depth of the concrete section results; (b) perfect bond exists between the internal steel 
reinforcing bars and the surrounding concrete, and between the FRP laminates and the 
concrete substrate; and (c) tensile stresses carried by concrete can be neglected.  The 
constitutive relations for concrete, steel and FRP laminates are idealized as shown in 
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5.1.2 Flexural Capacity 
 The strain and stress distributions across a rectangular FRP-strengthened section 




fffssssssc EAEAEAdxxfb εεε '''                       (1) 
where sf AA ,  and 
'
sA  = areas of FRP laminates, internal tensile steel, and compressive 
steel reinforcement respectively; sf EE ,  and 
'
sE  = the corresponding modulus of 
elasticity; sf εε ,  and 'sε  = the corresponding strains; b = beam width; c = neutral axis 
depth; and ( )xfc  is the concrete stress distribution, taken as: 



















ε                       (2) 
where ( )xcε  = the concrete strain at distance x away from the neutral axis; coε = strain at 
peak stress; and 'cf = concrete cylinder compressive strength. 
The neutral axis depth, c, can be determined by trial and error from Eq. (1) together 
with the stress-strain relations of the materials shown in Fig.5.1 (a), given one of the 
strain values, )(ccε  (strain in extreme concrete compressive fiber) or fε ( strain in FRP 
laminates).  The ultimate moment of resistance of the section can then be calculated as: 
    ( ) ( ) ( )xdEAxdEAxdEAM ssssssssffffu −−−+−= ''''εεε              (3) 
where sf dd ,  and 
'
sd  = distances from the extreme concrete compressive fiber to the 
centroids of FRP laminate, internal tensile steel bars, and internal compressive steel bars, 
respectively; the term x  equals to the distance of the resultant force on the concrete 
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compression zone from the extreme concrete compressive fiber.  Here, fd  may be taken 
as approximately equal to the beam depth h, as the laminate thickness is negligible 
compared to the beam depth. 
The ultimate moment of resistance corresponding to the failure mode of flexural 
compression, Mcc, can be found by equating the value of )(ccε with the ultimate concrete 
compressive strain cuε .  Likewise, for the case of FRP rupture, the ultimate moment of 
resistance, Mfr, is obtained by substituting the value of fε  with fuε63.0  where fuε  is the 
ultimate tensile strain of FRP laminates, and the coefficient of 0.63 is introduced to 
account for the average lower strains at FRP rupture when bonded to beams (Bonacci et 
al. 2001).   
To estimate the moment capacity due to FRP flexural debonding, Mdb, the FRP strain 










'βαβσεε ===                        (4) 
where fdbε = FRP debonding strain; α = calibration factor (taken as 0.705); Ef = modulus 
of FRP; 'cf = concrete cylinder compressive strength; ft = thickness of FRP laminates; 
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where fw = width of FRP laminates; b = beam width; L = bond length; and Le = effective 







L =                                (6) 
The model used to predict the moment capacity due to FRP flexural debonding at 
intermediate flexural crack is developed on the basis of simple shear tests since the 
behavior of the bond between the FRP plate and the concrete near the crack is similar to 
that in simple shear tests on FRP-to-concrete bonded joints in which the plate is pulled.  
However, there are also significant differences between the two cases.  It is assumed that 
all these differences are reflected by a different value for the coefficient α  which can be 
determined using intermediate crack debonding test data.  Based on the observation of 
testing, both flexural cracks and shear cracks appeared in most beam tests.  Thus the 
value of coefficient α  is determined to be 0.705 which was derived from test data and 
included cases of both flexural and shear cracks (Teng et al. 2003). 
The predicted failure mode is determined by the minimum value of Mcc, Mfr and 
Mdb.   
 
5.1.3 Comparison with test results 
(a) FRP strengthened beams prism 
The ultimate strengths of the prism specimens were calculated following the 
proposed model, in which the stress-strain relations shown in Fig.5.1 (a) were based on 
residual material properties shown in Fig.5.2 and the predicted results are presented in 
Table 5.1.  The time-temperature histories of furnace, FRP surface, interface between 
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FRP and concrete, steel bar and center of the beam were recorded by the heating tests of 
the two extra specimens mentioned in Section 4.2.2 (b) which were strengthened with 
GFRP and BFRP laminates respectively and subjected to elevated temperature to almost 
1000oC.  The detailed temperature profiles are shown in Figure 4.6 (a) and (b).  Based on 
the figures, the temperature for concrete was assumed to be the average of the concrete 
surface temperature or the temperature at FRP-concrete interface, and the temperature at 
the center of the beam.  The temperature of steel bars was recorded directly by 
thermocouples.  For the temperature of externally bonded FRP systems, it was assumed 
to be the average of FRP surface temperature and temperature at FRP-concrete interface.     
For the stress-strain curve of concrete, the compressive strength was reduced from 
a value of 40 MPa at ambient temperature according to reduction factors shown in Fig. 
5.2(a), which were established in the current study using cubes that were subjected to the 
elevated temperatures at the same time as Series I (Group C0) specimens and Series IV 
and V specimens.  The current tests show smaller strength reduction up to 400oC than 
that given by Schneider (1976).  The value of 'cf was assumed as 0.8fcu, where fcu is the 
concrete cube compressive strength.  The strain at peak stress oε  and ultimate strain of 
concrete cuε  (Table 5.1) used in the prediction followed those given by Schneider (1976).  
No predictions were made for unstrengthened beams C010 and C013, as full information 
on the stress-strain relations was not available. 
For the steel bars (Fig. 5.2b), the reduction in both strength and modulus was 
based on the current study using the same steel bars after they were subjected to elevated 
temperatures and compared with the report of ACI 216R (2001); both parameters were 
affected about equally, resulting in 1.05 times the ambient value which can be taken as 
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almost constant yield strain, for temperatures up to 300oC (section 3.3).  For the glass 
FRP system (Fig. 5.2c&d), both the strength and modulus reduced to less than 20% of the 
value at elevated temperature at 400oC, according to study of Bisby et al. (2005a).  For 
the basalt FRP system, tests were carried out in this study using tensile coupons, 
indicated that the residual strength was reduced to zero at 600oC, while the residual 
modulus was less reduced (Fig. 5.2 e&f). 
Table 5.1 shows that the predicted ultimate strengths are in general smaller than 
the test values while the failure modes were well predicted.  The reasons for the lower 
strength predictions are mainly because the beam is quite short which could introduce 
arch effects during testing.  
For glass FRP-strengthened beams with protective systems, the difference 
between test values and the predicted values is within 15% except Specimen GMA.  The 
predicted failure modes were consistent with test failure modes except for specimens 
GM6 and GU6 that were subjected to about 600oC.  The reason could be because when 
the heating temperature was higher, both the FRP strength and interface bond were 
deteriorated more than predicted.       
For basalt FRP-strengthened beams without protective systems, the test values 
were within 15% more than the predicted values except Beam B08.  The basalt FRP 
system has been assumed to be totally lost in Beam B08; thus the test result indicated that 
the FRP system might not have deteriorated as fast as the bare tensile coupon when 
bonded to the beam.  The failure modes were well predicted for basalt FRP-strengthened 
beams.   
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(b) Prototype FRP strengthened beams 
The predicted results for the prototype beams are presented in Table 5.2, also 
following the same model and using the stress-strain relations in Fig. 5.1 (a) based on 
residual material properties shown in Fig. 5.2.  The temperature for both concrete and 
steel bars was assumed to be the average of the temperature at the concrete-FRP interface 
and the temperature recorded at the center of the beam or interface temperature of 
concrete and FRP laminates only if temperature histories were not recorded at the center 
of the beam for conservative prediction..  The temperature of externally bonded FRP 
systems was assumed to be at the same temperature as the interface temperature recorded 
by thermocouples.   
For the stress-strain curve of concrete, the compressive strength was reduced from 
a value of 38.5 MPa at ambient temperature according to reduction factors shown in Fig. 
5.2a.  The current tests show a decreasing but slower trend in strength than Schneider 
(1976)’s work.  The value of 'cf  was also assumed as 0.8fcu, where fcu is the concrete 
cube compressive strength.  The strain at peak stress and ultimate strain of concrete 
(Table 5.2) used in the prediction followed those also given by Schneider (1976).   
For the steel bars (Fig. 5.2b), the reduction in both strength and modulus was also 
the same as for prism beam specimens and a constant yield strain was assumed for 
temperatures up to 300oC.  For the basalt FRP and carbon FRP systems, tests were 
carried out by using tensile coupons, which indicated that the strength was reduced 
sharply at 600oC, while the modulus was only less reduced (Fig. 5.2 (e), (f), (g) and (h)). 
Table 5.2 shows the predicted ultimate strengths and failure modes for all the 
prototype beam specimens.  For basalt FRP-strengthened beams with or without 
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protective systems, the test values were within 15% more than the predicted values.  The 
accuracy was satisfactory.  However, the failure modes were not well predicted in some 
beams because the predicted values of Mcc, Mfr and Mdb were very close and within 2 kN 
of each other. 
For basalt FRP-strengthened beams without protective systems subjected to 
sustained loading, the test values were at most 13% more than the predicted values except 
Specimen BL55.  Specimen BL55 had a much higher test value than all the other three 
specimens.  Furthermore, the failure modes were well predicted. 
For carbon FRP-strengthened beams with or without protective systems, the test 
values were within 18% larger than the predicted values.  Specimen C1F6 had an 
unexpected lower test value and thus resulted in a lower ratio of predicted to test values.  
The failure modes were better than basalt FRP-strengthened beams.  The main reason for 
the difference in predicted and observed failure modes was due to the closeness of the 
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 (b) Strain and stress distributions 























































































(c) Strength reduction factor for glass FRP systems (Bisby et al. 2005a) 
Fig. 5.2 Reduced material properties (continued next page) 
 
















































































(f) Modulus of elasticity of BFRP (Current study) 
Fig. 5.2 Reduced material properties (continued next page) 
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(g) Tensile strength of CFRP system (Current study) 











































(h) Modulus of elasticity of CFRP (Current study) 








         




6.1 REVIEW OF THE WORK 
This study was carried out to investigate the effect of elevated temperatures on the 
residual structural behavior of reinforced concrete beams strengthened with different FRP 
systems.  
The first two chapters introduced the general background information and 
presented a literature review on the fire resistance of FRP systems and FRP-strengthened 
reinforced concrete beams.  The fire performance of FRP system depended on the fire 
performance of the two main components, namely, polymeric resin and fiber.  Former 
researches on fire resistance of FRP strengthened concrete members were presented.  
Existing FRP fire design guide as well as fire design approaches were introduced and 
discussed.  
Following the literature survey, an experimental investigation was carried out on 
the mechanical properties of concrete, steel reinforcement and two types of FRP 
reinforcement after subjecting to elevated temperatures and reported.  Details of test data 
reflecting deterioration for the materials were presented.  Also, the reduction in 
mechanical properties for each material was shown, and subsequently used in the 
analytical predictions. 
Two test programs on FRP-strengthened RC beams after subjecting to elevated 
temperatures were conducted.  These included a program using small FRP-strengthened 




material properties, fabrication process, heating and test procedures were described.  The 
effectiveness of various fire protection systems and the performance of three FRP systems 
were discussed with respect to the deterioration of ultimate strength and change in failure 
modes after the specimens have been subjected to elevated temperatures.   
Last, an analytical model based on strain compatibility, deteriorated material 
properties and force equilibrium was presented.  The analytical predictions were compared 
with the test results and showed satisfactory agreement.  Further refinement is needed 
before the model can be used in a fire design of FRP strengthened beams.   
 
6.2 SUMMARY OF FINDINGS 
From the two test programs on small FRP-strengthened RC prisms and prototype 
FRP-strengthened RC beams, the following conclusions may be deduced: 
1. Elevated temperatures led to a decrease in ultimate strength for both GFRP and 
BFRP strengthened RC beams and also a decrease in the initial stiffness for GFRP 
strengthened RC beams. For carbon FRP strengthened beams, the initial beam 
stiffness was not affected and the ultimate strength decreased not as much as the 
GFRP or BFRP strengthened beams. 
2. After experiencing elevated temperatures, CFRP was the most stable FRP laminate 
while GFRP was the most unstable among the three types investigated.  Both 
CFRP and BFRP laminates had better fire resistance than GFRP laminates.  There 
was no size effect observed in the test results for BFRP strengthened specimens. 
3. The failure mode changed after the specimens were subjected to elevated 
temperatures.  For unstrengthened prisms, the failure mode changed from flexural 




flexural compression to flexural debonding while for BFRP-strengthened prisms, 
the failure mode remained as flexural rupture.  In the case of prototype beam 
specimens, the failure modes were determined by the weaker of the bond between 
FRP and concrete and the strength of FRP laminates.  Thus, the failure mode of 
most BFRP strengthened beams were flexural debonding but for CFRP 
strengthened beams, the failure mode changed from flexural debonding to flexural 
rupture after subjecting to elevated temperatures. 
4. Sustained loading during heating did not result in further deterioration of beam 
stiffness and strength.  But both the extreme concrete fiber strain and the crack 
width decreased compared to specimens not subjected to sustained loading. 
5. The protective coatings used in GFRP strengthened prisms can help to preserve 
strengthening effects.  But beyond 700oC, the fire-protection systems appeared to 
have lost their effectiveness.  The protective coatings used on prototype beams 
were effective for BFRP strengthened beams and the fiber-reinforced cement 
mortar (FRCM) overlay was not as effective as the fireproof intumescent coating.  
However, the FRCM overlays can slow down crack growth.   
 
Based on the comparison between analytical predictions of FRP strengthened 
beams with test results, the following conclusions can be drawn: 
1. The proposed model satisfactorily predicted the strength capacity of FRP-
strengthened RC beams after subjecting to elevated temperatures as long if the 
temperature profiles of concrete, steel reinforcement and FRP were available.  
Most test results were within 15% higher than the predicted values.  The predicted 




2. There was slight difference between the reduced material properties obtained in the 
current test data and those in existing literature.  For FRP systems, material test is 
recommended since the types of FRP systems and properties can be very different.   
 
6.3 RECOMMENDATION FOR FUTURE WORKS 
The effect of elevated temperatures on the residual structural behavior of 
reinforced concrete beams strengthened with glass, basalt or carbon FRP systems were 
investigated in this research using relatively small beams.  Limited tests were conducted 
on fire protective systems.  Further studies in following areas are recommended: 
1. Performance of externally bonded FRP-strengthened beams partially exposed to 
gas fire scenario (ASTM E119 2000) may be investigated to better simulate the 
actual condition.   
2. Further tests focusing on the improvement of protective coatings are to be carried 
out. So that recommendation on type and thickness of fire protective can be 
suggested in the future fire design. 
3. More detailed temperature profiles at different locations within the beam 
specimens need to be further studied, so that temperature change of concrete and 
steel reinforcement during heating can be monitored and used to improve estimate 
of material properties.  When the theory can accurately predict FRP strengthened 
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Figure A-1 (c) TB04 
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Figure A-1 (p) TC3 









































































Load-strain characteristics of bond specimens: 
 








































Figure A-2 (c) BB2A 




























































Figure A-2 (f) BB14 





















Figure A-2 (g) BB24 
 
 
 
